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This paper develops a model to aid Coast Guard managers in formulating appro-
priate policies with respect to planning for various types of equipment required
to contain major pollution incidents. The model is elaborated in terms of three
primary stages of response: offloading,  containment , and removal . The zero order
rule of chance— constrained programming is used to obtain a deterministic equivalent
of the ori ginal chance—constrained model . This is then replaced by a goal pro-
gramming formulation to allow for plan s that come “as close as possible~’ to desired
quality and risk levels for each pertinent region and type of incident. Numerical
examples illustrate potential uses of the model with special emphasis on its value
for budgetary (eq uipment) planning by central mana gement that extends to evaluation
of risk and performance quality levels, as well as the usual dual evaluator approaches
for evaluating initially prescribed levels of equipment and their efficiency co-
efficients.
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ABSTRACT

This paper dev~-1ops a model to aid Coast Guard managers in

formulating appropriate policies with respect to planning for various types

of equipment required to contain major pollut ion incidents. The model is

elaborated in terms of three primary stages of response: offloading,

containment , and removal.. The zero order rule of chance constrained

programming is used to obtain a deterministic equivalent of the original

chance constrained model . This is then replaced by a goal programming

formulation to allow for plans that come “as close as possible” to desired

quality and risk levels for each pertinent region and type of incident.

Numerical examples illustrate potential uses of the model with special

emphasis on its value for budgetary (equipment) planning by central

management that extends to evaluation of risk and performance

quality levels, as well as the USLS1 dual evaluator approaches for

evaluating initially prescribed levels of equipment and their efficiency

coefficients.
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1. introduction

• Several spectacu lar maritime disasters in the late 1960’.,

including the highly publicized Torrey Canyon incident off the

coast of Engla nd in March 1967 , served to focus both public and

politica l attention on the problem of marine environmental pro-

tection. AM a result , the early seventies witnessed 
~~~~~~~~~~~

1 ,- ~ I s  l i t  t VI ’ .‘ll. t Iv f t  \‘ I I I  t I ’ t t I’ ’t t t ’S Ss’, l  ISI bts t h P :‘ t ’ v lm I on

— and espouse  t o  ma~ t ’t mar i t  lint ’ poi  I t i t  ion I n c i d e n t s  .~~ The Coast

Gua rd , in p a r t i c u l a r , was granted sweeping powers to establish

• regulations for the prevention of pollution as well as to provide

t o t ’  t ’ t t ‘‘5 t  I Vt ’ • t ’ ’ t  ton t 0 e O f l t  101 .it’td remove ,1 I 5t 1irc~’s of

oil  and hazardous substance s j~ U .S .  waters .  Thie , in ’turn ,

prompted the Coast Guard to establish its own Marine Environmental

Protection (MEP) Program in 1971.

Several years later , considerable attention is again being

fo cused on the risk of major pollution incidents , in a period of

less than one month--beginning with the grounding of the Liberian

tanker Argo Merchant off the coast of Massachusetts on December

• iS , 1976-.— no fewer than eight tankers went aground , sunk, exp loded

or were involved In  - s s l l I - ~ t o n s i n  u .s. wa ters ~ . Ma jor ques tions

have now been raised concernIng (1) the adequacy of existing poi—

lut ion regulati ons , (2) the Coast Guard ’s ability to enforce them

• and (3) the sufficienc y of available resnonse teams and equipment

~ ‘the t prom I non t o t t he t o  su I t In  ~ laws .i it ’ t h - h’d,’ r _ t  1 Watt’ r Poll u—
Ion (s~ul r o t  . \ -  t md It s •\ml ’nllment s

3 See , e ,g . ,  N~’s~-~~’~’ 1’k accounts for the week of January 17 , 1977.
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~~ Po l l  i t t  Ion  Fund . We w i l l  1 t ml  t ou t
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va t  i o i i s  v pes ot  t ’i
~ 

i i i  pmen t wit I I e t a b I no t o  c o u n t  o f  ( l i t ’ W i  vs i n  wh I c  ii t h ey

• m i o h t  • or m u s t , he i t t  i i  L- 1-d in  v a t i o t i s  1 vp o s  o f  I n c i d e n t s .  We

s pt ’s ’ I f  i c . i  I I v  i to 0 1 ha I ~ tt c I t  t ’q t l  I pmen t i t t -ed s o t t g t t  t 1 o ho cons ide  reti In

I ‘ t i n s o t spec if i t ’d I eve Is ot  p e r t  t ’i m t t t ~- ’  m d  t ilt ’ ,t s soc L t t  od rIsks of  no t

i o u  i ev lu g  t h or n . F h . t t  i s , t i n  I i  k~’ f l i t ’ s it t t : l t i o n  In  ~Q 1 , t h e  p r o b ab i  l I t  v

of .ic h i , ’v i  i4~ sp, ’c I I  t e d p e l t  & ‘ t ’ t n a n c o  I eve is p1 avs .i prom inent role I ha I mus t

bt ’ , m t l t l t , - o s t - 1 ~‘~~p i  i~ It I v when d i a l  i i~~ w i  U t t i t t ~ I a r ~~o s p i l l  p r o b l e m .

-i 1h I s  15 . 1  t ’ ,’~’oI ~ ’ 1110 fu n d  1 1 5 t 41 t o  d o t  t m v  c l oanup  cos ts  w t i t ’t -e  t h e p o l l u t e r
• ~-a t t to  ot  wi I I no t  ~‘t ’t.’c 1 c I e a n t i p  • or m , ’I t i ’ t ’e the p oilti t ot c.’in no t be

I de n t  4 ( 1  oil . The I und I r ovo l v i  nm ~ In  I h a t  , und t’ F O t ’ t ’  t a In  i i  ~ib I li t v
I in i t a t  ions • ho po I Inle t nnt~ t r o l  t t i b m i  i- se t ho unt i  for  :4’ t 11:11 co s t  s
I ut-urred 1w t he V .  . g o v er n m en t
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2. The Incidence et  Maj~~r_Pol lu t ion

For a v a r i e ty  of p l a n n i n g  pbrposes , the Coast Guard has

a r b i t r a r i l y  d e f i n e d  a major po l lu t ion  inc iden t  to be any spill of

greater  than 100 ,000 gallons ir . coastal  waters  or greater than

10,000 gallons on the inland waterways . For the period 1973—1976 ,

the number of occurrences of major spills has averaged about 9

per year (out of a total of 8500) for coastal waters and approxi-

mately 80 per year (out of 2600) for ihe inland waters .5 The large

majority of incidents are extreme ly small and contribute a rela—

I ve t v sii.ill p n  t ion of  t h e  t o t  .t I s p i l l  v o l u m e . On the o t h e r  hand

or d i  sehi:m rgos ; , is- l i  i~ ’1t are re 1 at I vol  v t a re  , n e v e r t h e le s s  make up t he

p r e p o n der a n c e  of  ti m e t o t  :ml vo l ume . T h i s  r a i se s  a It o s t  of problems

wh i ch r , m l t g o  f ront data t ri -m t  mont  to the kinds of ri sk characterizations

and co i t e t ’p s t h a t  a r e  s u it c d  to stieh s it uat ions

For s t a t  i s t  ie a l— ,t nalvt 10 p u r p o s e s  one experiences dlfficult~-

even a t  a c o n c e p t u a l  l e v e l  s i n ce  the  usual  s t a t i st i c a l  measures , such

as the mean and s tandard  dev ia t ion , ca n he shown t o  be of very little

p r a c t i c a l  va l u e .  (St ’ t ’ P a u l s o n  e t .a i .  , [20 ]  for  f u r t h e r  d iscuss ion .)

In  l’a b l e  I , fo r  t ’x . m n i ; ’ l ~ ’ , ~‘h s ’ t v o  that t h e  m e d I a n  sp111 si.’o for the
.

~~~~~~

L 

t i m e  p e r i o d  1~~7 t  to t h e  presen t i s  o n l y  12 ga l l o n s . Yet the avorage

(meanl spill si ;~t’ is a l m o s t

5 Son ret ” : V . S. t ’oa it t  Cuard ‘ s P o l l u t i o n  Inc i (lent Report Ing Sn st e m .

- - -  .,L .~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Conting ency Pl an is man i f e st ed in two ways:  (1) supervision of a

contingency fund to finance cleanup operations and (2) maintenance

of specialized equipment and trained respense teams to Drovide sup-

por t , advic e and ass is tance a t major sp i l ls  ~
‘ I S J . Equipment

aequir(’(l by the Coast Guard for pollution removal has been (and will be)

distributed to units at major ports and those in areas with limited

co~ nercia l and private resources. For added flexibility , specialized

equipment is also maintained by Coast Cuard”Na tional Strike Force

Teams” located on the East , Vest and Gulf coasts.

A variety of types of equipmen t are avaijable to local 7 and

Strike Force units in order to combat major pollution inc ident s [~~~j ] .

Examples of Coast Guard equipment for such use are ; high seas skiimser.

and con ta inmen t booms , a self contained high speed pumping system

called ADAPTS, various chemica l dispersant s , etc. The need for

these resources depends , of course , upon the type of spill , environ-

mental conditions surrounding it , and the available cleanup capa—

b i l l t v from SOs ’ t ors In t he a rca of t he s p it  1. Tlto

strategies for Coas t Guard use of this equipment can be enumerated

~~~~ (1) containment and removal , (2) removal without containment ,

(3) containment only , (4) sinking or breaking up the pollutant with

chem icals (i ncl uding ign i t ion) ,  (5) cl eani ng of shoreli ne and (6) no

action. Of course , more than one of these strategies can be em-

ployed for any particular incident.

7The Coast Guard maintains a network of multi—mission field units .
The majority of these are usually designated as Captain of the
Ports (COTPs) , Marine Safe ty Offices (MSOs) or Port Safety Stations .

- - - ,~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~- — - -- - -~~ - -
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Unfortunately , much of the data necessary to relate the effectiveness

of “~sponse strategies to the incidence of pollution are not available even

from PIRS , the Coast Guard ’s Pollution Inciden t Reporting System . Infor— 
-
‘ 

-

mation concerning the effectiveness of overall cleanup operations (e.g.,

the total amount of oil recovered from particular spills) is maintained

in PIRS. This information , however , is no t subdivided by the various

sectors of the cleanup industry and it is impossible to ascertain the

effectiveness of the various types of equipment used by each sector.

Furthermore , no record appears to be presently available of the cleanup

eq uipment maintained by the private sector. This is not to say that

models for effective contingency planning are not needed , of course ,

or that  they should be delayed. It is to say rather these efforts -

should be guided by considerations of data availability not only for

their present use as decision aids but also for their further use as

guides to appropriate collections of data needed to improve the decision

process.

4. The Response Scenario

We can indicate some of what is involved in formulating a

response scenar io alon g t he f ollowin g lines. For background to such a

scenario we f i r s t note tha t  the  President ’s di rective (message 
“
II

to the Congress, March 18, 1977) indicates a desired goal of main—

tam ing a capability to respond to sp ills of up to 100 ,000 tons of oil

within 6 hours . S ta t i s tica l  analyses èuch as those in [161 and [20 ] can

help to determine the probability that spills on the order of 100 ,000

tons will occur , of cour se , but greater detail on spill information is

- 
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IFIGURE 1

A HYPOTHETICAl, MAP OF EQUIPMEN T SITES AND SPILL REGIO NS
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as a St r ike  Force loca t ion , not necessarily located near any par-

t i cular  port  area. Various re la t ionshi ps between the equi pment loca—

• t ions and spill reg ions must be known In order to dete rmine  the s i t in g

o f equipment  in any reasonable way . This Inc ludes  (1) the time required

to t ransport equi pment of a specif ied type and base , possib ly in va ry i n g

combinations I = 1 , 2 , 3 , 4, 5, to the sp i i i  region , ;i l so  I n possib l e va ry ing

combina t ions  j  1, 2 , 3 , 4 ; and (2)  the restrictions on t ransport  capac i ty

both In to ta l  and for  each relevant  t ime in te rva l .  For example , th e t i me

to load and transport a certain type of response equipment at a specified

location migh t require 3 hours to reach los - at i o n  via a C— 130 aircraft.

Howeve r , if a C—130 w i l l  not become available for  such transport  for 6

hours , the equi p ment  will he of no use until 9 hours after the occurrence

of the  sp i l l .  Thus , it  is th e la tte r ra ther than the former f ig u r e  which

is Impor tan t  and so , more generally , different effectiveness measures will

need to be assi gned to the same equipmen t by re ference to va ry ing t i m e s  of

deploy ment and use.

Even greate r detai l must be consider ed w i t h in eac h spill reg ion

In order tc determine the types of equi pment required at  each

site. For this purpose a sp i l l  can he par t i t ioned in to  stages as

mentioned above——e.g . ,  fo r a vessel spi l l that  includes the th ree stages

of o f fload ing ,  conta inment  and removal——and sp ills can then be accorded

d i f f e r i n g  charac ter i s t ics  r e f l e c t i n g  the i r  sources , locations,

environmental  condi t ions , e tc .

Figure 2 s c h e m at l e a t l y  dep icts what is Involved . The

process i s a simp le on e wh er e oi l  kept in sto rage begins  to sp i l l

(b lock 6) in period t 0 .  In t h i s  t ime period , the sp i l l age  is

e i the r  contained and/or  removed (blocks 7 and 9) or no

action Is taken (block 10) due to lack of available
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ress ’s i io  t ’u om i ’s ’s’ a m i s o  e xt u ~‘tne s-nv I r enmen [.11 s’ond it I onu render the

av ’i I I u t  I e eq i s i  pmms ’mi I I n t u h u s ’ m a  I I vs ’ - 1mm lit’ m ean t  Ims’ , o i i  t hat  has not

Vt ’ I been up (ii s’d e , m t t  i - s ol I — I oimded t o  , i i ;t ’  t hm e r s I or age fac  i l l  tv

( h i  ,s’h ‘t )  dur i ng the s t u n t s ’  t into p e r io d .  The process then moves fo rwa rd

ou t’ pe i  I od (hi s ’s’k ii )

h 1 l t . ,& SI ~\~s~ I n  Fi gure _‘ t im t i t  t he t ivI t  I lab (li t v of eqil I pment

dl  FOs ’ s this ’  f l o w  I m i t e  t h e  b locks  dt’not i’d \ J , I .s’ . , oil t ima t

Is eo n I I~s’ it (‘d V i  :5 (If I l oa d i n g , eon t : m  inment and removal  - A goal for

reuI’s’mm ~~e I s ’ Sits ’ ii :11) i t i e  (dent mi gh t  be to m i n t  tim i ;‘e t he  amount of sp i l l  age

in b lo ck  10 at a part it ’sila r I Im&’ period hut , of course , a variety of

e t h e m -  g o s i l u , su e h i  as mni m m i mtii ;~1ng t I me amoutit of o i l reaching t he w a t e r ,

m l  g u t  m i t t s ’  l ’ s ’ ‘t ap  I s’~’s ’iI — — o I l  her  us ’ I t : m m ~ m I s ’ Iv  o r Iii \‘a i - i  om is  ‘ m ’t~lt m a t  iflns,
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O t  l i i i ’ s~~s s ’ i l T ’ t s l t s t ’ I’ ( l i t ’ h u t  f t -at - sl i t s -  ( d e n t s  — w i t i  Is’ a l l  owl t is ~ i s ’ ?  sutl ’ss ’qm ient

ci  , m t t e r , m t  Ion , , m  s ds ’ t-i f red , wl us ’n more than one prototypical Inc  I dent  Is  t o

l’s ’ ( n e t  t u d s ’s! f o r  separ:it c or s inu l t meous coits I sh’~~~t I ou t .

Tits.’ ds ’ t - t i i  s o t~ the  mode l  t o iso s tOSs ’ r (bed below w i l l  be sieve loped

In suh~ es- I 1 enS is fo I i  ows il) model  not  at 15)11 , (2 )  :is’coun t tug rou-

st r, i  t n t  s for  s’ ,icht (me N’ r i s~ 1 , tha t keep t rack o t’ t lit’ oil st 111 In

st  o r , m s ~s ’ ansI o i l  sp i  l I e l , sp i l  h’sI oil that, iu~ e o t i t  a m d ,  si l l of Ii s’ad od

1 rem t s ’ m ’ , ige and o i l  removed ( 1) s’sSS-t t I~ t 1i) t S t lt,m t m’ s’ 1 ate ’ equ ipment

ds’p 1 ov,’d 10 e l i  s’Oil t a Iiis ’sl , r emov ed md t i f f  1 o mde d , (4) 1 intl t a t l c’n:i i ‘ t ’it

s t t , m  ( m i t  i-u omi a’~’ .i ( 1  ab t o  r esources  f o r  var b u s ( im e p~ r I ods , and in t oI o

i,~~’i p rsibah i l l s t i s ’ eons t ma m t s  t o  the kinds of equipment needs I hose e on—

sI r a i t i t  s tmp l ’  , sod ( f-i ) goal c o t i u - t t r a t n t s  tier Ived from t hese prohah i list Ic

s’ofls t i- i It t! u-u .

“ . I N t a t i o u m

S I f l t ’t’ our mo de l  is to he dove loped “prot  Ot vp i  i ’ m  l i v ” to co rrespond

1 s~ the’ var  b u s  st ages  et  response t o m aj o r  po l l  m it  lou  In c i d en t s . ~mud in

We wIll de ,m I p r i m a m -  ( I v  w i t  it ~‘t’~~st ’i spill s 5 l m l s ’O ht ev have lu st or (s ’,m 11 V

s’onst it ti t .’si I he n m i  lot ’  i t  v o I ,i 1 1 ‘‘ o u t  m u t t  m ’op ll ~~~ sp i l l s  mis] bs ’ca i u s s ’ s p i l l s
s ’f  t i m  I S t vpe pot en t I i l l  v (iwo) ye i l l  of the P0S~ I it lo ‘‘ i t t  , mgs ’s ” of t -iol li st Ion
t t ’s (’ istmu ; s’ t i t _ m t  ire II k, ’l v  t o  enter I n t o  , m t m v  o t h e r  l , m m ’ g t ’—s p l 11 s eenar i s ’. 

-
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p ar t  is ’ i;1,ti ’ , t o m  s p i l l s  t’ i’5 ’ttt vessels 5,~~ p t o s ’es ’ I  is I ol  is tuss . Fl u - st  we , s s s u u u n e

( h i - em ’ p rot ~~’t vp i s ’ m l  s t , m ~~, ’ t: wh i 1 -h we shall designate as: (1) o f t  i s ’ s h l n g ,

( 2 )  cont i i n m t ’ m m t  
* 

i u t ~i ( I )  i s ’ms s~ ’ m i  ( ‘lien , I sir not  m t  l e n t i l  purposes ,ws’ l e t

I ds ’mio t  e t he I t s m t  I i i t t  and equ lpme ’n t I \ ‘ps ’ av a i l  able a t  that 1oc s~
t ion , e .g. 

* 
an ADAPTS pump lo c at e d  at F l i z a b e t h  C i t \ ’ , N . C .

N o t e  t l t a t  ~t Is ti couitpos i t s ’ s u bsc r i p t  t l t , it  I t i e o u ’ p o r i t  es both
s.’qul pment s i t  t u g  and t vps ’ s i n c e , In genemal , los ’at ion m u ; well
is the type of equi pment muss t hs ’ s-ot is idered s (m mi i tancously .
See T a b l e  11 in s’ e t iou I-i be low I s’r an examp le s i t  such a
,‘mimultaneous desi gnation .

C d e m u o t s ’ itt  e qu i pment sits ’ such as El I ;‘ ,m b et h  City , N. C.

sle’n s’tt’ t he  s e t  of all Imu d Ices I s ’ommon to  a p a r t  I cul  mm’ loo m-
11 out . F t - i t  exam p le , I f  f 1 In l’al’ lo 11 of ss’ct ion 6 t h e n
t h e  I - 1~ cons i s t of j~~l , i - ~ and 1 1 .

c de m i o t  s’ ,i t yp e  of  s’qui I pmcn t such ms sk imm ers  , pumps or booms -

,T (lens-it t’ th e set i f  i ’l l  m d  L’s’s I common s t a p ar t  I cul l  ar t
o f equt  putemu t . For ex att ipi ‘ • I I  e~ I rs’pi’ost’nt s l)mlmP~ In Tah i c
U of Sect ion  Ii , t h e n  I cOnsists ot ’ I~~l , t~~2 , and 1= L

. 1 d e n s - i t  o the 1 es - m t  i on and emw t ronn m emi t a 1 cot id  I t tons of ,i spill
,i I t h a t  1 oeat ion , o - . , a crude 011 Sji i l l  5 ’f f  t lie Os ’i S  t of
M,-us s :m~ hu set  t s  I n  f i v e — l o o t  seas .  N o t  s’ t h a t  each such Ind ex
rt ’ f e r s  on lv t o some cut ,’ (rouwuten t il cond i t  ion fo r  which opera—

I onu ; . m u-c ,-t~~~tints ’il 1 o be possible , and et lt s ’r cmw I r onmemit  ml
,‘sits] it lo t i s  (s ’ - • I s- r n — f o o t  ~~~~~~~ am ’ s ’ ci i m i n a t  i’d t rommi ~‘ on s i d—
er :it  I ott

— d 
, 

~~ u t t i t  i f  ~p 1 1 ~i~~ t ’ 01 1 Vp , ’ I — e — , I Its ’ S
~

- t j  I i  .mgs ’ at
,‘,‘r t t i n  l ’ ’ . t t  i o u  and c o u ’r s ’sp sind l ug  t o  p u t  i s ’m u l , n ’  s ’t i t ’ i r om ins ’nt  - m I

co t id  It i,sis i -ou ch  as need t o  be cons ld s ’m - t ’d f or  p l a n n I n g  ptu u ’poss ’s.

We fox !  s l o t  in ” op t I l ; mi ~, ’ in  ts ’rn us s’t  r ( ’o(i smisc  s t  m g o s  l’v r o t  s ’ r omt e ’ t o

~‘ - m l u t e s  w h i c h  m r ”  s ’ , t s ’ r , m I  ~~ r-m n d ’n v — miI , i l ’ ls ’s as t o t  lows :

I . Pump I mi~ ( 0 1  1 1 si , m ( I t i s ~

s’ s ’r r e sp onds Is ’ pot ent i - i t sp I 1 I:m s~ ’ I s ’ l’s’ pumped omi t t ’E &~~! I —
I oadt’d In ~~ I louts) -

2. Coot  a l um e n  I

(1~ 
(‘orrs ’sl’s’tt sls I s ’  l ea k age  In ga l  lens)  I s ’  l’s’ e o n t m i n e d .

1 . Re mova l

d s ’~ ’ r m s ’ - i j ’ s i t s l ’ ;  ‘ sp I I  I , m e e  I s ’  l’ s’ m’ em oved i i i  g i l  l en s)  -

(in c furth er st ,mge t h i t  m m v  men t I i t u r s ’ s ’, ’t i s l s l s ’t i t  I o n  i t i v s ’ l ~ ’t ’~ bt ’ , i s li
cl e , m n m m p  , ij  sjiil I ,t~’-t ’ that 1; ;; not l’ s ’t ’mt s ’s ’ui .11 ned it s]  m - , ’nu ~’t’~’d and is’,i;; lts ’~
up ot t  the  shore t i n s ’ • Is ’ da te • t hi s st age Itt s bs’s’n s i t less h i t  s’ i t ’s t I s ’ t is’
Feds ’ r. i I Gs - iv p r omeo  t hs ’s ’ ,i m i s t ’ it ,m p ps ’m i- s t o  l t , m v s ’ (‘s’On ,m sl s’q tmt it  c l v  m m  i m t ges! t ’v
‘u  I’ m ’ ”  s s ’ f l t  u m e t  “ u- ’, ~ I l i - - m i e r ” t p ’ ,- .

— “~~~~~ I ~~~~ -— — ~~~~~~~~~~~ ‘- - - -- ~~~ -- - - - h
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m’v e t h a t  d~ I s s I m p l y  ,i “dema nd” on t m v ,m i i  ab l e  resources at

st ,is ~e k , whore k 1 no t s ’r t s i  s t i l l  ,i , ms l  t o g ,  k=2 1st con t i  I nmt ut  * and k - 3

to rs ’nmov ,m I . Sm m i 1 ar Iv , wo w i l l  do f t  tie r k 
as the amount  of o i l  si t - f l  oaded ,

cs i mt t  Ii im is - s ], t t ut d u ’ euii s ’vs ’sl t or k~’I , -‘ , 1 respect  lv e lv .  These r~ v a lues  are

the  m e s u l  i i ;  of the  dec (shi n van mb lo s  that we s ha l l  s h o r t ly  in t rodu s ’s’ —

see t he cxl’ ross i ott (S . 1) in t h5 ’ sot - ti on t h a t  f o i l  ows — and e aehi such r~

m s ’ j ’ ! s ’u ; O m t t  s t lie u s - t i  i t  s t f  I t ’~’ I s i  ot t ; by (‘s’- i~~t ( t m i i ’s I m m t m m g ~’rs

w i t h  r e sp e ct  I o o , is ’li s ’ I t h s ’ di’s I ‘tt m I cci 1 s c i t  I sin , mui d c ity  I monm ent  m l  cond I —

t i omts . For examp le r . = 100 ,0(10 m i g h t  m ul ti  ( c i t e  a t o t a l  c o n t a i m im en t  cap • i—

b i l l  t”  of 100 ,000 g i l l  otis f o r  a s p I l l  such ,is was i n d i cat e d  in t lie above

def ini t Ion of ¶ .  This 1(10,000 g a l l s - in cap a h i l it ~- is av a i l ab l e  f rom some

u n d e r l y i n g  c omb i m it i t  ( s imm of e q u Ip m e n t  at isi del I V s ’t’V s’ m p a b t l  I t  v 
* 

of s ’OUT ’ss’

h ut  t h i s  same c o mb i n a t i o n  of  equi pment m u v  have q u i t e  a d i f f e r e n t  v a l u m s -’

f or  oth t ’r  t v p i s of i n c i d e m i t s  amid l s,’ s’iI t ot i s . Set’ (S . i t  f f .  , below .

S 2 I ” s’tlLij ls! _ Ot t  j~s’,uis iui m t ’es_ I” t’ s ’ks ’n It s-iwo liv St a~,es

‘rite :mm)a I vs is must  now be f u r t h e r  r e f i n e d  to  a c c o u n t  fo r  d i  f f er t ’nt

t (m e pe r t  su ds , e - g.  * a t line per  I od tim I m-’,h t rt -’p rs ’se mi I ii hours  ;m s sugges t  s’d

In t Its ’ (‘ r i ’s ident  ‘
~~ d l  ret ’ t Ivs ’ - ‘l ’ l im i t ;  ~~ t I I ts ’ ( s t  m l  t m rnotum i t  s i t  s ’ i i

(pt- it  cut  i a I spi  l l , m  ~‘_ t ’ ‘~ ,m l o s - a t  ion ,tns l  onv I r onmc nt a 1 t ’s’tt d I t ion  j in t i m ’

t 1 . ’ d
1 
(t I  - Then the  t ot t i  amount t o  he o f f  loaded In the  f i r s t  t ime

pe r i od ( t i m e ’  t ) is  t h a t  p r s -ip ort  Ion t h a t  will miot leak out by t he  end t i f

he’ li t’ t is-id • I .~~ ‘.

( ‘ .2 . 1)  d~~( t )  - (l~~s 1 ’)d
1

( t )

whe re  ~~ a p m s ’( ’t i i ’ t l out 0 ‘Z < I s lo t  s’r n t l m ie s l  by the sp i l l a g e  i~~m !  e .

i’ l t s ’ I ot il ,uiss ’n i t  I s ’ I ’. ’ comm t u iui s ’51 Is ~~~~~ u-mi m i  u s ]  by t lie p r s ’ps ’ u - I  I ot t

1(1 W5’ - l O s U ms’ tli , it t he ’ I et a  I ; mnl * m i u l t  s f  sp 11 l ag , ’ i t t  m t t v  t I n t s ’  per iod i s  
- -

d l  ret’ t 1 v prstport Ion -il  to  and d~~pensi5 sin I v  upon the  pot cut I al sp i l l
volume it  t h e  beg i nn log of t h a t  p e r t  ssl .

- 
- _________________________________________________________________
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t h a t  w i l t  I s -ak s ss( , V I :  -
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d
1

( t ) . —

whe ’r , ’ d 1 
i s  as . i l  s - s ] v  d e l  l im e d iii t he  p r e c e d i n g  s e c t i o n .

I” uo:u i  t lms , m n m o i i u i t  w h i c h  has leaked s ’ tLt it is usua l ly  t i m e  —

s’,tSe ’ t h a t  ~‘im l v  t h a t  prop or t  I ~‘ut whi ch has been contained can be

i’s ’nmt ’vs ’d .  We t h o r ’s- t o re  wr i t 5 ’

( 5 . 2 . 1) d~~( t )  - r~ ( t )

e m -  (It it ; amosin t - Nt ’ t e th a t we a Fe ’ here  tls’ 1 s ’ m i  iii ng t h i s  in advance

b y  r e l e t  t a t  t o  ,un amount t~~~( t )  - ‘ibis means  t h a t  we ar c  d e t e r —

m i i i ! ng z’T ~~t ) , i u t d  imt ’ucs’ d e)  in a non— st o s ’ has t i c  manner f rom the

mt -ide I s  t ( m a t  we ol m a l 1 s h o r t l y  be d ev e l s ’p i u t g in te rms  of “ zero e rd t ’u

siet’ ( ;; ioti rut s’s.” See’ ~i nsl {ti] . t h u s , In th i s  paper  the d~ (t )

a t s ’ ne-i t r andom v -i r I abi  ~‘s a I t hms ’ti g it , 0 ’  re ge nt ’ tall v • when the  r~ ( t )

~i i’ s’ tic I I uted t hrt-iugh sts c li m o I i t ’ dcci  s I on rule ’s t imemi the ci ( t )  will

a I s~ ’ l it ’ t ,t uislent vat ’ ( i b i s -s —

In the !econd time period , (t+l) , the amount left to be

offlo~ded is

(5.2.4) d~
’(t+1) — (l—a ~) td~(t) — r~ (t)J

— (~.~~ )2 d~(t) — (l_s~ ) r
,~
(t)

where r,j(t) i~ the amount pumped out in the first time period .

Simi larly, the amctulnt to be contain~d is equal to the total

amount that ha~ leaked out less the amount already contained , i.e.

(5.2.5) d~
2(t+1) — s~Ld ,~(t) — r~(t)J + d~(t) — r~(t)

la j(l= a
i
) + sjJ d~(t) - s

~ 
r~(t) - r~(t).

The amount to be removed j s assumed to be that amount already

contained but n~-~t orevious ly removed , i.e.

(5.2.6) d (t+1) — r2(t+fl + r~(t) — r~ ( t ) .  

-- - . --- - -
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In the third t i m e  p em ’Icmsl , ( t + ? ) ,  the amount l e f t  to be-

pumped ou t I s that amount not leaked out less the amount pim-ped

out in the prev ious  p e t  lod , i.e.,

( 5 .2 . 7 )  d~~(t +2) — ( l_ S j ) td~ (t+l) — r~ (t+l)1

— ( l—s~
) ((l_ s

3
)2d~ (t) — (1—s~)r~ ( t ) — r~ (t+l))

— ( 1—s
1
) 3d~ (t )  _ ( l_ s~ ) 2 r~ ( t )  — (l—s ~ )r~(t+l).

The amount to be contained is
1 1 2 2( 5 . 2 . 8 )  d ( t +2) — s~ [d1

(t4•l) — r ( t + l ) )  4 d~ (t+ l) — r~ (t+l)

s
1
E (l-s~)

2
d~~(t )  - (l_ s~ ) r ~ ( t ) J  + [sj

(l_s j) + s~ 1d~ (t)

- s
1
r~ (t) - r~ (t )  - r2(t+l)

— [s~ (l_ s~)
2 + S

j
(l_S

j) + s
1
1d~ (t) — (sj(l_s l

) + sj]r~ (t)

— s~r~ ( t+l) — r~(t+l) — r~ (t).

The amount to be removed is that amount contained

(5.~ .9) d~ (t+2) - r~~( t )  + r~(t+l) + r~ (t+2) - r~ ( t ) - r~ (t+l ).

l’lt s ’ an,i 1 ~ ‘ ~ 1s s ’ a t t  be s~x I et td t ’d ts i is many I In to  per  1~isls as .m ne slcs ’med

n e c  s - ’;’; , m l ’ y  I s ’ I it au tv of t h i s ’ v .~ r h , ’ e m ~ h o n  - ‘ i - ;  w h I c h  ( ‘s ’, m ’ ~ I ~m t , m i 5l nu,1 t t ,m~’s’-

m em t t  i t O c ’ ; ;  l o t -  I t  ‘; p1 ann I t ic  o u t  n l’ s isos  - Furthet- • t lit’ I Into per Is islo mieed

no t  !ts~ s i t  ( l ie ’ m m , ’ t en  g I l t — — hioug h t lii s won hi miecess it a to some s’hi.  ot gs ’ s

i t t  t l i ’  orm s ’f 1 lie i l ’ove s’ ’il ‘~~t 1 , 1 1  i t t  ~ — amid Os ’ t lie  I i tt’ l’~
’ u i  osl coumd it I

s i t s - I  ,- t o  I’ - :ms i  j u t  ot s’sl I s ’ I 1m~ ’’;s ’ m t ’  s’si by I ho i-s ( ,‘ - . 
* 

;i’th ‘ u -  (- ‘I’ A ’t I n I 1t5 ’ h r

‘‘‘,‘ ,m l i t - m i  I s u m  ,i i ’  ‘~ti i nn It ic i ’m’ ~’- ’ ’ ’o’;’ ’s -

t 1 Cs ’t it m ’ s’ I l i m i ~ t he’ Sp i l l

( ‘ I t ’ , i t u ( m h i  i s  of Is ’s ’ t s’sl liv 1 s’vo I s  s ’f eqii I pmemi t t \ j i t’ I slop I evesl to

m c ’  I d en t  I at  t (me t I i i  , i r is ’ t t t t t  x ( I  - l’he se’ x . ( I  ‘I ai’~’ the  dc ’s’ t ot on

v~u u ’ I :ml t I t ’t-i . ‘l’he i s ’ s t u l  I s of t 1ms ’~ s’ des ’ 1 s t  s’fls • s’t’ 
* 

t h e-’ t o t  ,t l  ,‘tnmount s ’f

psi l i m i t  ion o f t  I s ’, ms l , ’d • s’oit t ,i I nod or ~~~~~~~~~~~ i ’ s ’sl’ s ’s’ t I ye ’ lv  In u-i ,’ i- l ed t is

s’ s (t t .t I Is ’ t o u t ’  m b i t )  , - i s  in  t h s ’ I’,’l I ow lui g s ’~~l ’ i s ’’;O I s t i ts
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1 in
r ( t ’)  — 1 E c 1’ (t’ r )  x (-r )1 

t t  ~~ ~.i ij

-, t’ in
r~~(t ’ )  — E c~ j (t’~T ) x (‘r )

(5.3) t t -  i—i

3 t’ m
r .( t ’)  — E E t~ (t’—r) xii (’r)

- ‘ -t —t i—l J

for  t ’— t ,t+l,... ,T,

where c~ 1
(t )  is the ‘Ufectivene ss” of equipme nt i on spill type j

for response stage k , e . g . , a skimmer mai ntained at the Strike

Force base near San Franci sco used for a cert a in spill in Puget

Sound might be capable of r emoving 10 , 000 gallons of oil in a

pa it icu lar  time period . Observe that the total amoun t of oil

offloaded , contained or remov ed in any period t ’is a function

of all equipment that ha s been allocated to the spill in

ques tion in previ ous t ime pe r iods , T<t u . Thus , we sum on I from

t to t ’.

The e f f e c t iveness coe f f i c i en ts, £~~.( t ) ,  a re t ime dependent so that ,

in pa r ticu lar , we can allow for cases in which equi pment allocated in

t ime period I is not necessari ly available for use during that period.

More generally ,  ~~~. ( t )  will be interpreted as an effect iveness  mn easi mre

(per u n i t  resource) t periods after the allocation of equipment type

and site 1, for spill type and location j . Thus , a t t ime t ’ , equip men t

alloc ated at time I , i .c . , t ’~~r periods ago , has a un i t  ef fectiveness of

- . The total results of all allocations are then the sum of alli~j

c~~ (t ’— ’r) xi.(’r) term s , as in equations (5 .3) , wherein , we may note , = 0

fo r any x~~ which cannot be used in the operation indicated by k . See

Tab l e I T En section 6.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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• A’-’ ,t t I ,thi l~’ Rs ’ soot , , ‘s

Res,’s; n 5 - ,-’; s~ I t M I ’ ’’ I , m n c ’ , i v , m i  I .ihlo Iii fInite qttant it Ic’s fear a m tv op t 1 1 ,

or S e t  ‘1 S Into 1 t , m i i , ’ ’~~-; sp ill ;; , wh ( c i i  we may wi l ts ’ as

ii ‘h’ mm ii i-i
(
~ ‘ . - ‘s . 1 ) Y 

~
‘ ( t )  Y x , ~~~ ~ 

~ 

( t f l~ ‘ . . .+ Y x
1~~~(’r)  

~~i -- i ~~~~ 
t j  I

- 1 1 m , 
- -

whit ’ no I s  th i s ’  t o t a I ants-inn t of i’e ’O O t I  r cc ’ i (g I vs ’m ’ liv t ~‘p~’ of t’ s’soiim ’ce and

l c i S’ , i t  I5 iu t ’m - x , is h o t s ’ i’s ’pi’ e’sc ’m t t~~d ,m s  a “ ,mr im l ’ le S l i t s ’s’ the  t o t a l  a l l o~’ , m t Ion

ct t yp e  I is to he de t e r m ined  o p t i m a l ly  as par t  of our problem

(e - g. the number of containment booms to be located in N ew York

harbor). Furth’rnmore , the ts-i t,~t1 amounts of each equipment type ,

e.g. pumps or booms , are limi ted in tote. Thus , we also have

the constraints

(5.3.~ ) ~
‘ < h~ , e 1 ,2,.. . ,F,,

wh e -’re t h i s-’ c’s’flS I mn I , w I I  I d i  f f o r  f or  oas ’It of t hes5’ I’ equipment t \‘pt’s.

Not  ~ tha t those c ’Oti5 t u
_ _ u i nt o t f l , t \ ’  b~ omit te s t  or included , ~q des I m,~’d for

chtff cr emt t ty p e s of ~tud l s’s . See’ Oe’s’t Ion 6 , be low . This’~’ can also he

v ar i e d  p~m r a m et  r ( c a l l  y s-si’ s t u d ied  e v et i  mer e  ~‘ott ~ ’e nj e n t  Iv  liv ord that -v

dua l  eva I m u , i t o  t’s —_ by v I  r t  ii , ’ of t hte m ’oduc I Ions t~’o ~lt ,m i i  sh o r t  lv mak e-’

I s ’  aeh li’~’, ’ , u t t  o u ’5I -j u t , u r v  I iti5 ’,tr prs-igrannn1 mts~ pm ’oh lem .

Other  resource c o n s t r a i n t s  are possible on sums such as

E x jj (t). This might indicate that only so much delivery
j  

-

capab i l i ty  ( C— 130 a i r c r a f t , del ivery  sleds , e tc .)  is available

I n , i m m v  li _ m r  t I c i i i  m r t I me p e r t  osi li-s.’ l’s-’ fs ’re ’tts ’s’ t o equ ipun emi t miceded to deploy

the required cleanup equi pment. For example , we might have

(5 .4 . 3) ~ ~ c~ x
11~~t )  ‘~ D~ ( t )  I — 1, 2, . . . ,  L 3,1 1  I

~~
I Q - -

• -~‘~~- - --“~“~~- - ~~ •---- - -  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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where c 1 is the  r o qu i  r e d  do l i v e  rv  capa ’ I t v (measured In re levant  un i t s

sen -I t as , fo r exa mp le , cub i c  Is ’ s ’ t of sp;ts ’ s’) needed per u n i t  of the 1th

equipment type . Simil arl y , 1)
€
(t) Is the total amount of delivery capacity

available at  equipment location £ In time period t as prescribed by various

managerial (autc i  other) consideratiotis from past history and future pro—

j s ’ c t s -d ~m vaiIahiltiies wh ich include , perhaps , re commenda t ions by por t

Captains or s tud’.’ teams as a basis for initial study and evaluation .

Set ’ also the remarks following (5.4.2).

W~ have now achieved part of the flexibility that was set forth as

a d e s i d e r a t u m  in our model design . We can , for  ins tance , incl ude or

ex c l u d e  certain constraints according to the purposes of a stud y as we

have j u s t  indicated . We c’an a l s o  include all of the many details required

f o r  a complete dc ’ p i c t l i m n  ct the resource cons t ra in ts when , for instance ,

we want to study the effect s on the decision variables x .. needed to

attain proscribed r~~(t) values with differen t applicable assumptions

for the c~~.(t). Such a course could be useful , for instance , to secure

gu idatico for tech nological and/or managerial—organizational research

pointed in these directions. Alternativ ely we can single out the r~ (t)

for sepa rate study as we shall do in the next section . There , as we shall see

separ ~~ t i . ’ t u is conve nient f o r  embedding all of the above in a probabilistic

context, This Is also useful for policy purposes such as the development

of ,i presidential d~ rec t-1ve -in which one wants to avoid cluttering

details. On the other hand the r~~(t) values associated with various

levels of risk and performance qualit y Indicators can be brought into

contact with the decision variables and effectiveness coefficients which

together provide the r esource  i m p l i c a t i o n s  via (~~.3) .

- ,,c ~~ , “-- - ‘
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5. “I (hi,ii is ’s’ ( ‘s ’ u i s  I m’ :i I itt

We u low t u r u i  I is t hi s ’ u - c ’ h m ’ v i t t t  i’ l i-u k s ’ s m l i O  h m l e r ; m t  to o  wh m l u - l i  we ’ w i l l

clt .’v t ’ ismp liv c h t ; u i i s ’ i ’ ‘ou s t  r ; m h t m s ’d f s m r u m i l ; m t  l o u i s  fo r  per iod  t — 4 - l  - R e c a l l  t h a t  —

si (t -Fl) I ;; t h i s ’  :im smmuim t c m l  ps - st u n i t  f a t  op t  I I  ;l~~ s ’ of  t h u’ 
t h  In ( ’ident  t y p e  t o

i t . ’ ,~ t I I s o~~~I i’ s h I n  i~ ’ t ’j  51( 1 t 4 1  ; s s  t l ou  I

( t  I )  ~ ( 1 -u ;  sh ( t )  - ( 1 -n  ~) r~ ( t ) .

We w i  I I s I m l ~l~i m n o  I ha t  ( l i t ’ p r s - s I - s : u h ,  f l i t  v e h i ~~t r I l i u u i  I otis lou’ d ( t  + 1) a r e knowm i

or s ’an i t s ’  s i t  Isf ,m ~- t ou l i v  ; m p p i ’ ox f m a t o d  . ‘I’hen we o h i ; u l  1 su ppose t h a t  a ‘‘ t r a s - t  l i e ’

qua l i t  v leve l ,“ q ( t  +1) , I 0 o f f  1 (m a d ‘ t I l  1m m p e r t  od 1+ 1 Is Imposed wh (cl i

w i l l  h~’ s u i t  I f s ’ l e n t  t o hauisl lo d (t+l) wit Ii p rohab i l i t  v at  lea s t  ct~ (t+ 1) .

We-’ want  to I s - s r n m u i l - u I  0 sOn’ model so t h a t  vi’  w i l l  h e . ’mblo  to de te rmine  wh at

such qu a l  I t  v l e ve l s  u is ’ i ’d  t o  hi ’ to  nuat oh t Its’ s ’ot ’ u’ t ’spo n c h l n g  a ’s or , - m - s um —

ye ’ i ’o t ’  I y , how I :mr go t h o ’ a’s can be- ’ f or pre-’scr I bed q ‘s. Si ’s ’  t ime A pp en m i I x .

The m ’s’ fore’, m i s  I uig I (h.’a,; I u_ mini s ’ l m ; i t i s ’m’ coum; ; I u’:m m e d  pi - ogm ’aninm I mi g E~
] , we t n t  i’s u —

s l tus ’p t i m , ’  ‘ h u ; m u m e m ’  s-ous t u’ , m h u i t

(5 . ‘ - I )  P I d  ( t  I i )  < q~ ( t + i )  1 ~ (t 41)

mm mu,•au i t h i : u I  we des I re ’ a pr oi - ic m b 11 I t v  of :mt l e a st  0 -c (t+l) . 1 I h a t

I lie ;iut i es ii it t st lie’ m m $ II o , m s h i ’ d  w i l l  ii, ’ I s’oo I loin or m ’qu a  I t o  q ( t+  I )  w I m s ’r s ’

Ii. ’ ct~ ( t  I I , I 1k m ’ I he q ( t  + 1) , a i’ s’ pol ic y s I Ipuul at I em-;, T ii other  words ,

t h I s  c i o m u b i m ’  h m i e ’ s j u t i l  It v r e p t c ’ s m - ’n I  a p i t h  is -v s ’ o u m s t  i- a h i t 1 1 wh ich  p rescribes

a s i t ’  o f  r i ’ . qua l i t  v I i ’ve 1 , q ( t  +1) , and a i-i sk 1 a (t+l ) of f a i l i n g  t o

meet  I t

l i i  I I i , ’  s e mi s , ’ shi ’;;s ’ u I lm , ’ mI s m u i  p - ‘( t I )  i t 1  1 1 1  1 who u - el  ii ~~ “0. 5 hi d b a t  s’s
‘‘ l ush I t o t  i ’ u u s ’ ’’ t o  ; ; i ’ u v I s ’ l u i ~ ( l it ’ ot  I l m t m l , m l s ’ si ( l u t a i l t Y  l evel and ~(“i  .0

‘sm uve’ i t  u ; t h u s ’ ‘ p e m I I s y ’ I o L e  a ‘‘ mu l e ’ ’’ .

_____________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 



Subs t i tu ting for  d~ ( t+l) in the above , we obtain

‘ P 1(’-s~)
2d~(t) - (I.sj)rl (t) < q ~ (t+1)J czI(t+1)

or 
P 1 dj(t) ~ 

q~-(t+l) + (l_ sj)rI(t) ) > al(t+1)
(5 .5.2 (l—sj)’

q~
’(t+l) + (1—s j)r~’(t)or Fj F 

(i_ aj ) Z’ J ,i czj(t+1)

where is the d istribu t ion f unc t ion of the potent ial spill volume

dj(t). 
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I t  the d i s t r i bu t ion  is t n v o t t i h l e ’ , or  ~- I , m nppi ’ t-ix lmat ion ,

we then have

( t , ~~. I )

for the case of the zero order decision ru i e .
1’ Now rearranging , we get

r~~(t) (i-sj )F
~
1 (cmT (t+l)) - 

q~~(t+ 1)
- - 

‘

wh I cli , ‘~~ t ml -’ I I s!um ’O I i i”  ut l u l  fl uilifl i s ’t l mt i t t ’s1 1 s~’., I 5~ I ~‘t (
‘ 1 oad I t ig s’ :m 1’ ,ih ii it’.’

In  p i i  h o d  I • t I - ‘I ’hm uu s , ‘s ’ ,’ mu i ’ t t s ’Cs ’ s ’ s ’ t t \’ , ’ ti  I om it Iv i - s i t s  I t  I ou m , ’~h ( s - s  ot m m d v

hose’ t ~t uu ’t s ’um l V i i i  tot us i t t  ( l i t ’ i i  u s ’ I i i  I oil t o  t l i i - ~~~~~ I s l o u i  v , m r  I

il ’ I s ’s I n  ( ‘ S - ~ l i mi t , m IS s ’ 1 m m 1 s ’i ’mluu; of I l i t ’ 1 , ’ss ’u t t ,’ s ’ s’ensm ’qu u m ’ti cm’ u ; w h I c h  ma\ ’

at  I s m5h , m v i i  I i i  I cut s t  I l i t ’s, ’ a ( t  H a mid s
~ 

( t  I I  P O l l  s ’V co nd I t  i ou is  -

Fei , m ( m u l l  - s c m  I~ p u t  .m iIus ’t u I c  st m u s h ’ .  s - s I’ t hies~’ i e u ; o m u i s ’m ’ eoui sm ’qim e’ti s ’s’s

vs a l s o  u u , ’, ’51 Ic s onS  1,1, -i t Ii, ’uii s I mmoul t , m t u , ’ s -’ uu ; ;  lv w i t  Ii s ’(  I t e m  P 5 ’I  I s ” .  s ’oiim j i —

I l o t u s  - I t e m  i t  s ’i  0 , I s ’t t i me , i u , m  1 ‘% ‘s ’ u u S  pci Is t si t ~1 cs ’ u i t  , m l m i u i u , ’m t t po l  i c ’.  we w i l t . ’

i-s f s h (tH) ~i ’;~ t~~I~~1 0 ( 1 4 1 )  -

I ’ I ; s ’ m m , l~’.’~~~ mb ~~t f t u i I  l i m o  I t ot ’; ( ‘ .2 . ’’) o’’’ oh~ a I i i

P 
~~~~~~~~~~~~~ 

d j ( t )  — s
1 r~~(t) —r ~~(t)  ‘~ q~ (t+lfl “ o~~(t #l)

( s . ’-s . S) 

i i  
p d

1
(t) q t + l ) + r ~ (r) + sjr~ (t) 

O~~~+l)
- 

sj (l_S j) -f

and , if F is invertible , or by approximation ,

q j ( t + l) + m 2 ( t )  + s 1 r ,~( t )  
~ 2F~ (o 1 ( t #1 ) )

+

- s” 0 . I~ . I~ 1 , t o  F .m , h I  s, ’m us , ;  l o u t  o I s loe  1 s f  on i mu los :uu, I  t hit ’ s~enmh I t  I om i t ;
I ou  s’ f t  t’ s t  I m ug flit ’ I uu , h I s ’ ,i t t ’eI l i t ’ . ’, ’ i t ;  I ou ts  I i i  t im e ’ s ’ smt ox t s - s (  ‘— l o m u i ’t ’ s’sii
st m .u immt’ ~I pm s ’g m  , m u , u uu u l u g .  ~\ui t’\ m nu i- s I s ’ s f  ( I i , ’ k In t l  o f ’ s1 , ’, It ; Ion i i i  I t ’  t h at
mim I gli t ho s ’nlj m I , ‘v , ’iI In  m t~ , m I I l ine o~’,’u ,i t I i i  c s - suit s’’~ I u , i v  ho ’ t o uuu i s l  I i i  1 1  ‘ 1 —
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wh Id -li may also be r epresented by

(5,S .7~ r~(t) + sjr~(t) i~ Ls~(l—sj
)+a~ I F?(o~(t+1)).

- 
Note that this 

USVI
~h same d i s t r ibu t ion  funct ion as before, but

different risk levels , cij (t) .

-‘H

F 

t 

___ i _ _ ,,_ - - - -------—--—— --—
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For i cutoval I mi p c i -  ted t + I the t ou t t e ~s’ d ’ l u a v o  .11 FO .idhV t raced I or

he’ cut Its -i - t ou t ;  I r i  h i t  s wos tl ii v h i ’ 1 ci

(S .S.R) P ( dj ’(t - f l)  ~q~(t+l) J ‘ a~ ( t+l)

}Iowe’ve’t’ , by vim ’I t iO s t i  t lie d I so m i s -s i c o l  ac s,’omlmpany -1mg (5 . 2 - 1’) we ret-il ace

this w ith t in’ th ’tc’mmi uiis t tc ’ cem ms tr ~m i nt

( 5 5 5 i ~ r . ( t ~~l ’ )  ~ r~~( t ’ )  - r?(t’) ‘~ q~~( t + 1)

b-; ’.~ 1 mIen t l v  is’s ’ OOtm St t uch ~’ t lie ’ above ’ coits t r a  lot s inglv or in combi na—

iou I s-si’ out ’ e q u l  pn icul t  Ii I a u m u i  I ng p it t ’ponc ’s  - I ’ u s s c os’ tl I tig ( m m a im ( - ‘mit - t r o t ’ . ’  :ina I m t g ou s

t i o i u i u i , ’ t — \~~ i wmtu i 1(1 ol’st a In

— q (t I- -’)
(5 . 5 . 10) ( l_ s j ) r ~~( t )  + r~~(t +l)  (l~ sj ) 2F~~

’ (cz 1 ( t +2 ) ) _ 
~‘~1j,~~

-

(5 .5 . 11)  1s j (l-s~~)-F s~~1r ~~(t )  + sj r~~(t +l)  + r~~(t)  + r~~( t+l) ~

— E s j (l~ sj ) 2#sj (l~ sj )+sj ) F ~~~(c~~(t+ 2 ) )  - q~ (t4-2),

(5.5.12 ) r~ (t) + r~ (t+l) + r~~(t+2 ) - r~~t) - r~(t+l) <~~~(t+2),

I s ’  r i--u t  uni v i i i  c’ off 1 c’ ,isl In c  , s ’ouu i t il  uiuiu -’mm I ‘- mmiii  r em ov a l  , m ’s ’ons ’ s ’ t i  ye Iv , (mm

au ’.’ de s I F’d comb Im mat i c ’sm i  wi th i’ c ’t ;pt ’c ’t  I o beth risk and qtual it’.’ 1 e’’.’s’l s

and th it ’ I r p o s s I b l e ’ rm’ ’-co i i i ’  s ’o cd ’ns~ ’qu l s ’iis ’.’ S -

A _
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I ’ l tu u s  f a r  we ha m ’s ’ focused on Iv ai m th( ’  coils t ra in t s  w h e r e — — u n l i k e  lie

‘a i e  f o r  t ime ’ earl her ~~~1P mat t e is 191——we were requ trod t o  g i ‘.‘s’ eXpi I ,’ it

at t e n t  Ion t a th e’ r i sk  cons iderat  tons  t h at  p lay such a prominent  role in

the problem of’ la rge ’ oil spills. Note , however , that we have produced ,-i

formulation In which these r i sks  are’ associated with fractile functions .

I l e u t c e ’ we have ;id ’huieved c t i i t ’ of our study ohiective’s In tha t  we are not

con fin ed t s t  ths ’ m u um ,~ 1 measures of r i s k  such as the mean and variance-’

cI c. , w h I c h  ( ,is  was n o t e d  earl ier) are’ not up to the task of d ea l i n g  w i t h

the  k in d s  ~ f stat 1st (cal distributions that are Involved 1m m t h i s  class of

problems. We’ have , in stead , strlen ted our developmemmt toward the tails

whors’ the risks af 1 ,mrgs ’ spill incidents Ot e ’ 1 ocat cml .

Nothing has he’t-’ui lo t -u t • moreover , SinCe we can deal with any part of

th is’ underl ying st atist j s,m I distrihut touts In th e I n d I c a t e d  manner either

s e p~i r ;mtt ’  Iv or in an i t  crated manner. For I ns t a nc e ’ , as We ’ shal l ‘later

Se ’s ’ , we’ caum do :u I v i  t im the me-’atis ;mn(I ot h er paramet t-’rs of

these d istr ibuu t ions by :mssoc tat ing I hem with fr.-m ct 11 e-’s - We can 11 los—

t rate thm Is i- sv r ole ’ rem’ s ’ to I he ’ u i sna  I mean—var I anm’e re I ,ut I ens as follows.

Let q Ed ansI E ( d~ — q
1
) 

2 where “h- ” is the’ expected value operator

, m n5l  q ( t + l ’ ) , ii . d~~( t + I )  lou ’ some-’ k 1 , 7 ~3. Then assuuun  I ng

t h i t  t he t’ parame-s I ers e x i s t  , we ca lm nit-san tug f u l l y  use them t o  represent

.m eonmmonl”.’ e’unp l ovcCd me -’:u u i — v a r h  ; i n c ’e c o nst r a i n t  in the form 13

P k 1 1 ~ , 

-

where in  the  ver t  i c ;m I st rokes  rep resen t  an a b s o l u te ’  ‘ . ‘a lm u e ’  f m - s r  t Ime  t hus  en —

closed express  iou and k is some s u i t  ab l y  spec if  led posit ive cons t an t  (or

the I n d i c a t e d  t n t  erv a I - Ru t t lien we c ’a n rep lace  t hits one :ibso h i t  t ’ ‘.‘a I us ’

cond it Ion w ft hi (lie-’ two s ’ c m n d I t  (omi s

I 1 Res,-a 11 1 tm,-m t (I , ( -onta  Ins  d e ci si on  v ar  t a h l  s’s r

- - - - - - - ~~~
., -- -- _________
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Pid , ‘
~
- q

1 
+ ko ’ .]  < ‘

~~~

P[d
1 

- - q — k .~

1 — 0 -

where ~ 
I 

~ the distribution is symmetric about the mean.

The l atter pair is evith- ’ntlv a l so In the form of the same kind of chance

roost r:mlnts ,15 to’ m a r e  and t licms ’ f o r m ’  c~ n h e readi l y ad] olned to the pre-

ceding ones for mis c in c;mses where behavior in the central regions of

the ~h 1st rlhut I outs tire a i s a  of Interest -

Other j i l t s ’ u . i ,t b u s  w i l l  prod e i c e  whiat m igt i t he w a n t e d  fau’  at  her

( l i s t  r ib u t  ions and r i n k  sit mia t louis. 5-~cm ’ 5] and [(1 ) for  f u r t h e r details.

F u r t h e r m o r e  • in  a man n er  s ui t e d  to cem i t r a l  o f f i c e  p l a n n i n g  ( I . e  - , wit ii

zero  order decision rules), we have n i s o l,een able to replace the chance

constraints (5 .5.1) If . with d e t e r mi n i s t i c  e q uiv a l e n t s  such as ( 5 . 5 . 4 )

wit I c-h are o r d i n a ry  I (near ine-’qua li t  los . Indeed suul ms t I tut ion from (5. 3)

into (5 .5 .4) and I-ike exp ressions makes it clear that we have arranged

m a t  ‘ e rs sm-i that t lie’ pert ius ’m it  dec 1sf ott var  tab los can he direct 1 y re 1,-m t ed

to t he I r r I -uk— qtu .t lit ’ .’ c’auisequeilces , and vice’ y_or ,s_:i.

There are st I l l  further pass ibi lit los which emerge from these fornmu—

I t I  I ‘i t S .  l’Imc ’o~- inch u t i l e  p c - s 5 S  lb le gui id,-mnct ’ for reseau — ch effort- s d im — es-I ccl to

improving the coefficieui ts in (5, 3). F I n a l l y , we have formulated

tI n’ mocls-’l o s - s  that is s u e s  5-sf grand pci I Cy  • as incorporated In President ial

di r e i ’I I v e s  , can be tmtd i s ’ct se’p;irti tel v ,‘mnd then related to their imp ] omen—

I at Ion reqeut reme-’nt s for (-‘(lii i puiment tmnch dcl iverv capahl 1 I t  les, Soc ses ’t ion

6 , h -se ’ Ic - sw . blest cc , i i i ’ .  c’i’ all s f  f lue , m h s s v o  can he mused separat s-’ lv s-sr In

vt u i-v i i i  p. e’s-stnb in at I s-sn , an- u~’as st I pmu la t e -sd when omit l i n t  ng our modeling

ot t a t  op .v at  I he n - I  a r t  s ’f St ’i ’t Is - sum 5 , - m i - s ort ’ .

L 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - _ _ _ _ _
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5 . 1-s t s-sa I ( ‘o i m s t  r u  u t  ills! Oh-s ~e’c ’ t I  Vt ’ I5I l i e ~ t b u s

‘l I ie ’ ~i h- s avs-’ I s -s i- mu I m t  I s - su n- ar t ’ ad~’ aim t age’s- set s from t he n- I andpemin t  of s’ I .um- 1 [v~

t u g  t Im e - ’ k I umci c - s i  m in -k , i u t c i  c l m m a  l i t  v e’tmmm d i I I otis I h a t  fle’~ el t ~ ~~ -‘ C s - s O n -  I tiered 1mm

n-c’ 1 O~~ t ing anti c v i i  u m a t  ing  ‘‘ io I ( c ’ les ’’ w i t h  rs ’si’eet t o  t h e i r  ego I pincmm t (au th

t c  t~ (ammo I Ic - sc’ at I c - s ~) CemiSs’qC%e-’fls’c’s . l’hev a t’e’ , hs-swevc’ u , ‘‘ t c c  slmat -p ” for

itiiUiV o t the app i I s~~~ t i s -sn~~ t h a t  we , mm’ s’ c ’eifl$ Iderlng . Fe- sr Ins t  t ine ’s’ , t h i s ’

chaos’s’ c’c ’ttSt u - _ i j o t  r e q u u  i t o  at  t out I eu I c -s t im e s’Oi in - l o t  e ’u i C V  m ’ eq u I r ci tte ’iu I i c - s t

t h e” c ’h c ’ i  c’e’S at q ,iri d -
~ I~ 

v i i - ! eun - I ut ’eh ua l i t  I c ’S - Csmmms 1st s’ucv

hetwes’n c ’ i - s i t t t  t m’a i itt s Is s’v I ~ietm t lv .ulso i s ’qe u I rod timi d t hi Is may u ’ -’p r on - s- ’ um I aim

uu ’tdu e h i i rd t ’ui I s -s In u i -s o s -’ s - s t t  even hi t  em’nms’5I 1 ,i ts ’ 1 s ’vs ’ I dec Is I cifl mnk t ’u - s who

m l ght time ’ m-el-iv be r e - ’qui  i i t ’d t i -s s - s t I t ’s’ t these al-s h i l t  I ~-s che ( cs ’s fe - sm’ s iinu i —

t,’tns’e-m mus c c - s u n -  l cls ’t’at ( O tt  o’.’s’u’ ,m e~i- t - s :it vat’  f~-t v of ~m -s~ s ibit- ’ fiic ’tde’nt s

We mmcccl I s ’  , ‘- i o ~ ’ I I t s ’ uue  t ’ s u u ’ cI ’ u u n -  a i i cl SO We-’ siia II un-sw ess.i’.- inc - s t he ’t

.ippm’ o i~’Iu l I m i t  vi 1 I I - s t i l l s !  (i l - s c - s um w h a t We ’ h,i~’s’ ,il i s ’, m d v  m s c - ssnp l in - h e’,1 . l’hi i t ; m,’ i l l

l i t - i c -s ‘utah -s Is ’ us I c - s  ,m~l~hr e’ss ye-’ t .ii t c -st tie-sm’ f~ie’e t fot’ pr~e~’ t I c a t  lmpl  eme”nt at lou

In t hi t it • I-sv m itch I~m rct ’ • the - s p i’e’u tc  i i  hod qutal it V and m~I n-k lev e l s  au’ s’ nm -s t

m’ea 11 ‘~ n - m i n - m’ept i b i s ’ c - s f  l - s r s’c’ (n- c’ t -ups ’C I t I c~ t I on. Fum’the’rmm-mr e-s , a fat 1 c u r e ’

1cm ac ’ hm I e-’ve’ I hem need u i -st  h a v e  ch l m’e c’c’sn t ;e q i i ou i s ’es I f  I be” re -s n - mu 1 t I ng ste - s r i  a—

t ou t s  a i s ’ mmcm l “ t Oi ’i n-c’ i 1  Ot IS  , ‘‘ Iii tiut ’,’ c’,t se - s  we’ w i l l  , In  p .c- s in ’  ra 1 , on I ‘.- h-sc

a l -st e  to dc-s ‘ .mn - we I 1 an- p s - i n - n -  lhl o” In I imc ’n-o k I n d —  of p 1 ann (mm g s-I t wit is -s im s

and t her e for e  ~ s - s u t I e 1  I I k e  t o  , u u ’ r , m u i g e  t m - s r  a nusm e he l  t h o t  w I l l  (~~1 h e l p  us

iSO s’sS wh e t  h e r  ‘‘ in -  we ’l l  u s pest : I h i c ” Is  sat i n - f i t - I  eu’v vi thu t I m e  re ’Semur een -

- 
- we’ are plann h uig I s -s m i s , ’ an t i  (h) ‘im , ubl * ’ tin - t o  s’t  t e ’ i - t  I i’OcIOs t’f , i t m , i lvss”s , i u is l ,’oi ’

‘ exp h e r e  r es s - sm i  F s ’e exp :uts Ion t - s on - s  Ihi lIt I s’s In ,i t , i  I r l v n - I  m’a I ghit feirwam-d

manner.

- __________________________

- —------‘-- ~~~-—— ~~~~~—~~
—- 

,_ __._ ____g__,~~ _~ _-



— i - - s —

For this n ow phase of our modeling strategy we propose to employ an

appr oti chi which w i l l  p ot  “as c-lose as possible” to all indicated goals.

Aft er this has been done one can assess whether this is sufficiently

satisfactory fc-sr every subset of goals. When the latter is not the case

th e model will therm be available to study tradeoffs , e.g., via goal

al terations or by increasing resource availabilities , etc., un t il such

a stare Is achieved.

Fol lowing  Nas lun d  [19 ] 1
~~we can g i v e  form to these ideas 1mm a way

that joins heretofore septmrat o developments from “chance constrained

p r o g r z t n m m ln g ” and “goal pr ogram m ing” as follows . First we replace the

conditions we have j eust derived with the following types of goal

constraints:

‘4See also Contini [14] and T1ir~ [171 for other possible approaches.
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PERIOD 1 OFFLOAD INC

(5.6.1) r (t) - y~~(t+1) + y~~(t+1) (1-s~ )F ’(cx~(t+1))_ ~~ (t+1)
1—s
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CONTAIN~~wr
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1
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wh it’ m’o t he v i i  t ie ’S I s -s F m’~~ and v ,i i s ’ i ’ c”fl st  ra ined  t ~ l’ s ’ nt-iml— negtmt I Vt ’ so

t hat  t hey may i s ’ i - s i t ’ s ’s t t lie’ ov5 u — aiim! muutde’ rach I evemen t s that the m’~ ( t  ~

v.~l~ t’n- (and their ,mn-soc li t eu dcc i n - I o n  v ar i a b l es )  y i eld  with respect to

the r i p.ht — h u t ch n - i s les . 
- -

i l , u~’ i t i p .  re-sb - i l ,n’ed e’t’tc h u ~it,mtmce s’ O t t n - t  r t m  lot  by .1 gm -ma I c ’O T i S  t ra in t  , we now

~oe’k t , ’ m c l i  leve ’ ‘ , in -  ~‘I  on -k ’ Iv  us p o ss ib le ’ , ” the ” g o al s  which are tndic;mted

on t bit ~ r i g ht . W e ’ d y e  .1 p r e ’ c ’ iso interpretar t ,-su’i t i -s t h i s  1w writ tog o u r

e-sh jt ’ct iv5 -’ in-

t’ mm 
~~

_ 
~~

_ ,

(~~~ . -s . ‘ ‘ t m m  “ m~’ , ( l i v , (‘r i + t~’ , ( T ’) v ~ (~~ + w t~_ 
~~~~~~~~ 

(~~t + 1  l -~:- 1 1 1 - i :t

wh ie  Fe ’ T Is r hue nnm h -i er  01 t ime j ’e’ r i ocIn - mu m ui le r  coltS I dora t i c -sn and w~ ~ 0 .u re’

wei ght ( i m p .  b e t  c ’i~~ Spe ’c i I ied 1w MEP managers • aim the under,’mchis’ve’me-’mmt

of t s - s t i  t , t  I nmen t ,iiich ~‘ff I s ,u~ i tug p .a,i ls and on the c-s\’ e ’r achm ievement  of

remova I gsa I o

A v , u r  (c-’t v of cc ’Fs I s l t ’t’ , i t  i ons , n-one of t hmc ’imm v ery  complex , can c- s umte r  ( mi t  0

o ito i c e ’ 0 i ltc ’Sc’ we p .i t  t - At : eb~ s’ i \ ’ e ’c~ i i i  t h e ’ Ap pe ’t t cl i x sm i e ’h chief co i ’onn-i dc ’ i ’~ i —

t f i ’ t t t :  c t t t t  i - s e’ ; t l s - , t t t i n c !  :1 Iv d it ; -ti n -n -~’51 o n h v  t o  ,u vc : ’ v i I t t u l t i ’d e’ x t e ’ u t ( 
~~jt hts ~~i t  r c f e r —

s ’t l , ’ s ’ t O  t i c  i ’ o t t t ;  t - t h u  ,iutj c - s t  h t c l’ ‘‘ i t t - c o n  t e xt ‘‘ s ’ o t t s  ide-stat i o n s .  T h e ’ l o t  t ot ’  m a y  ho

i l l u s t r a t e d  by m’ e’fs’u-ens’,-s t5 -s t he  cours e  of development we have followed.

N o t e  , fo r In s t a n c e  , h a t  we have’ a l l  owed d a~- I at touts i-seth above ~nd below

p .e,iln - f o r  t I m e -’ r~~(t  c h o i 5 ’~’n - in  c’eiin-t tti h it t ( 5 .  (-s . I I  — (S .6 . ( )  but have’

used ~‘im lv  t-iUc-’— s uIc ’~i we’ I p .imt n- in the t’- sh l c’s’ I lv i’ ( - -s • h , 7 ‘I - Tb is wan - do ume

to  hi at-i program chiols ’on- in  t h e ” d i  Feet  i c-sn Ind ica ted  by the in eqm i.’ul i t  ten -

S - S . 1) If. In  the preced I tw, sect I ,‘u-i . Furthm ermm -sre-s • t he  techm molemgis ,’,u l

r e t  at Ic- sun - h c - s t tc’coii off I cead iii p . ,  C eMit tt I i-imc”n and remo~ ’a 1 make It f,ili ’
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c ’ ,i i th i , c  ~ ~‘u l e ’ W j [1 o t51  m a r  L i v  ll , di ’ s’ W w ~~ (1 n- I nce 
~~~~~~~~~ 
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I a I iU’te ’ i t  t c ’O i i I i O  I rca I 1 v I t un e  t I o u m  o I t e’C I (V t ’ 1 w i t  bout the prescne’e o t ode—

quat  e’ t c ’t t ~u -s \’s I I mmmd o f t  Is,i~i (imp . e’ap:uc’ it v .

“ .‘ Rs ’v i t ’n’ ot t M ~-sd~’1

~~~~~~ the kinds of conn- ide r at ions ~e-’t f o r t h  above’ (and in the

Ap p en d i x )  we c a i m u t e t  n - m v  mmm c ’hi mou ’ s’ . ibo mu t .1 cbs -s I cc ’ e l  w e igh t s  f e - sr  the

smh ~c5 t i  vi ’ t un e - I  i on ,u  1 We w i l l  t h o i c ’ t ar c -’ . bc- s i - e at  t er assume tim -sit

• w ’, 
— 

- - 1 .ul i j , and a I I  ot  lie - sr w 0 so we can t u r n  t o ot h erI j  j

~m sl ’ d ’c’ Is of out  “tOsic ’ 1 ant I its P0n-n- i l-u Ic sin -c ’s j~ wh at  t o  h i  own- .

Ws -’ ,i S sumc-’ h o t  t I l e-’ Cc -s _ i n-t Cua rd ‘ s bud gc to rv i-s I ,mnn I us’, t or this c ’ i_mn -n -

i - s f  c ’.lse n- in- gem ided l-s~ 1- s i ’ s -s t 01 vp t c a l  s i t u a t  I s -s u n  -in while -lu

not  Ice’ Is z’t’c c - s l  vc’d of a n - p m  h i  a t  t l i t ’ t Inc  e’f it s OCt’51 I’ F c ’t i u’e’ Sc- s I h a t

,ic ’ t ion co m m be’ in it  I at  Ccl O t  Ime t ‘~~~ . For u ’oni ’ Ft - s t c’umt ’n -we sh u , m I I  n - u I - s I - si-s n - c’

t t a t  t h r ee  t ime per (ads .Irc ’ 01 i m m t e ’ r c”n - t  so t h i _ m t  for  t ~O , 1 • • we ’

c , u i t  r e’wr it t ’ t l ie ’ p .eum e’ m _ i I model for th I s e~ I,i ss i- s f c,isc ’s on-

~ Sc ts ’hi cl t ~’ t c ’e’S ,ll’ C’ h o t  Ii s ’c ‘ss,mm - [ l v  cit ’s in - ly e ’ in prs- i du5- t og aui v  t h u  I img nuert ’ I han
a I i gm u re— ~‘f —tu e m’ i t ~u Ito r~u I Ian :titcl , i i i  I a u ’t  • Cit e ’ may e’ rec’ t e-’xamp ic’s in w h i c h
a h i  p en -s  il - s i t - ’ St-s t tt 0 1  I-s c- sn - it j ye’ weights l t , i v ,,’ on Iv  t h i s  of f ec  t . St’e’ 1 1 .iflel

It) I . A d o t  ,m i i - s d  din -i’m i n - n  -tout wit I 5’h inc 1 uelt ~n- .1 i’c’V Ic ’W 01’ the tui ,lit\~ st out d o ret
oppr~-s ,m~- h e ’s f r om ee’omieml en-, p n-v u’I i c -s 1 op .’,’ • s t  s’ , • f o r  I he it -  p~ n-n -ihle-s ciSc ’S at-md

hu c - s r t c o m i n s in t h I s  s’ i o s n -  of prob l ems may he f o u n d  h u m 1~

“-
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S ~l 
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= Sj -s i I lt i~,-m c u l t , -

’ ’ Moshe ’i

a t m . ~: \‘ . ( t )  + ~
- ( t )  +

j - I i - I i i
su b j e c t  t o :

i i h :~ I c A I ) I ’~ ; ( ‘ t ) N S l R A I N I S :  j= 1 •
‘ , . . _  ,n .

r~ ( 0) - ( 1)  4 ‘
~~( l )  = (1-n-. ) F ’( 1 ’ ( j  )

1—s 1
r~~l i ~ + ( l - n - ~ )r ~~~0~ - ~-~~~( 2 )  + \-~~~~2 )  = ( l - n -. Y ’F~~(a~~~~) )  - q~~(2~

CONTAINMENT CONSTRA I NTS: 1=1 ,2,... ,n.

r~~( 0) + s j r~~(0) - ~-~~~( 1) + ~-~~~( l)  z~ 1)F~~ (a~~( l) )  - q~ (l)

z
1

( l ) r ~~( 0) + s
1
r~~( 1)  + rj ~(O) + r~~( l )  — v~~~(2)  + \-~~~( 2 )  =

z j ( 2 ) F ~ ’(~~~( 2 ) )  — q~~(2)

w h e r e  ( 1 1=  [s 1 
(l-s 1 )+s 1 J and ~~(2 )  [s~~(l-s

1
) 2+s1 (l-s

1
)+s

1
)

REMOVAL CONSTRAINTS : j = l , 2 , . . . ,n.

r~~( l )  + r~~(0) — r ’
~(0) — + v (1) q~~(1)

r~~(2 )  + r~~(l~ ~~ r~~(O) - r~~( 1) - r~(~) - v~~~(2) + vr(2) = q~~(2)

EQUIPMENT CONSTRA INTS:

~ 
x 11 (0) + Y x 11 ( l) + 

~ 

x1~~(2)  < x1 1=1 , 2 , . . . , m

, m i t 5 h  
~ x1 

< h e 1 , 2 , .. .  ,E .
i(1

DELIVERY CAPABILITY CONSTRAINTS: 2=1,2,... ,L; t=O ,1,2

Y C
i

(t )  x 11 ( t )  < D 2 (t)
j 1  ft11

EFFECTIVENESS CONSTRAINTS: k=l ,2,3: t=O ,1,2: j 1 ,2,. . - ,n.

r~~(t) ~ c~~ (t-T) x11 (i)- -t=0 1=1 - -

NON—NEGATIVITY CONSTRA INTS: for all i ,l ,k,t,

x 11 ( t ) ,  X i ,  v~~~( t )  and v~~~(t )  ~ 0.
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In t h i s  form , the  p roblem can be solved by available linear pro—

gra nuni ng codes , e i t her d i r ec ’t lv  as s t a t e d  above , or a f t e r  f i r s t  subs t i—

t u t in g  t h e  e ’ f f t ’ct ivs its ’ss c s - s i - s n - I  r a i n t s  c- if (5 .3)  i n to  the o f f l o a din g , containment

amid i- t ’ i:su ’v , m l  ( goa l)  c on s t r a i n t s .  Thin s , we have t h e r e f o r e  now s a ti s f i e d

another  one of our deside ra t a  in that the whole complex of considerations

ranging  from vary ing  risks and q u a l i t y  levels  in d i f f e r e n t  d imensions

t o g e t h e r  w i t h  favored  dir ec t ions  for  program deviations are now jo ined

together  in an o r d i n a r y  linear progra nmuing model.  The requisi te com-

put ing power for dealing w i t h  the thousands of variables and cons t ra in t s

tha t  need to be considered is  the re fo re  r e a d i ly  avai lab le , together w i t h

an alread y developed body of mathemat ica l  theory that  includes access

to an extraordinarily sharp and flexible duality theory . The latter

provides us not  only with a conven ien t way for  e f f e c t ing evalua tions of

risk and q u a l i t y  levels , toge the r  w i t h  o ther  c o n s t r a i nt  s t ipu la t ions,

hut also w i t h  d i r e ct  access to other  ma thema t i ca l  disci p l ines (such as

game theory) as well as to the main bod y of economic theory, where it

is assumed t ha t  pr ice  ari d q u a n t i t y  va r ia t ions  can be considered sepa rat elv ~~6

in the  same manner  t ha t  dual  va r i ab l e s  can he n - e ’p a r : i t e lv  e’ntp 1 c - s~~od t o

evaluate  primal program noss ibilit ies  —- — a p r o p e r t y  wh ich is v i r t u a l l y

no ique among a I I tint t imema I tea l ~-irograniming ste-ide is. Heuic o , we h ave , uc iu  I eyed

wh at  we were n-ecking In I-lie form i - s f  a very conveniently manipula ted

plann ing guide.

16Cf., e.g., W. Bauuiuol (1~~.
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Ii • Nt ume r h o I II  hut; ty~~t _ i on _s_ ri d li s t - n  -c-s i I I t t ’  Sp i l l  I c i ’ruce Model (S il l )

For i l l  m i s t  r a t  I v i ’  p t I r I - s s - s n - ( ’t ;  we w i l l  c o nsi d e r  a s i m p l i f i e d  hypo —

t hie t I s - a l  exantp he ’ sun - I t i p .  t hue mode’ 1 for the t Ii re t’ I I me ~e n ods (t =0 , 1 , 2

g iven in the  pr e ’ccs l ing  n-c- c - I  ion . We sh;il I assume that there is only

one s p i l l  type  b u t  t h ree  r egions  ( j ”  I , 2, 3) In which such a spill i-au

c - s e’ s’u r  . See Figui re’ 3. We n-Iia I 1 also assume tha t  each m reg ion ct-iota Ins

an equipment Inc ;m i I cm ( f 1 , 2, 3) wh ere I li e ’ fol inw i tig three I vpc’ n- of

equ I pmen I tut ;uv be i - s c - sn  -It tone-sd : (1) pumps for of fload I i m p  , (2) booms for

comit a innuett t ~tnd ( 1)  n-k l uwine rn - for  rs ’t t i s sv; i  I s- i f  s p i l l  ,‘mpc . Th us , l u m I’ n I  al ,

I runs f ro n t  1 h -s 9 w h e r e  i = I rept’ e- s s ( ’ l l t s  pumps at equi pment si t e 1 , 2

booms at n - f t c  I , I — i  sklmms- sru-i at s I t e  1 , ( = 4  pumps at s i t e ’ 
~ , 1 - 9

n-~: imm cr s  at n - I t . ’ I - Sc~ the’ n-tub s - s f  ‘h a b I t ’  I T  , f s - s r  wh ich th e  h ,ody give’ s

km um m e r  i c ’;m 1 va t  m mc ’ s (‘ s- sr r c sp on ( l  log to (t  ) , t h e  e f fe ct  iveness of c’~~s ’hm

equ ipment  typ e  I li-sr a n-pt 31 In regl omu at n - I  ~ pe k. I • • , these

( t  ) r a t s ’  s ’ l u u hi ~ f t h e  I n d i c a t e d  eau l pm euu t  t ypo s at  e:mchm n - I tt’ to  t h e

a m o u u m t  i f  o i l  ( I n  t h o m m s , u u m c l s  of gal 1 ~-ui~in - m f  f l c u~ cIe’d , c o n ta in e d , or rentovs’mI)

per miii I t  r E - sn - o ur s- i’ 1w re fc ’r e- ’nc e- s I t - s  this n- I iup . ’n -and poss ib le ’  respons( ’ I Imes

•-is well as t c ’  lim e [dcii t t vps ’n -and r eg ions  whe rm - s I he y m l ghmt app 1 ‘i -

— - - 

~~~~~
‘ L~~
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At; semntpt Is -sum s: Eq mi Ipmont c-an r m ’:u c - h u s p i l l s  in the
same Fs ’g I on I muse-set l o t ~ ’ l v  . I- cpi prns’nt a t  S I t  e 2 i ’ l i i i
i s’Oe ’ hu 1 m ’g I s - s ums  1 h O d  1 at ( ~~~ c u u ( ’ ~~t9 iOei , h’~qu 11’--
lns ’flt ‘ i t  I auus i I e’an n - I n t l I a u - I v  m’ea s ’ l u  7 I n  one p~ ’i ie ’d .
15 1 11  1 pa il - sum t i - a mino  t’ he nt ove ’d be’ we’s-sn  1 a~~s~ 3 In I s’ss
t h a n  3 p er I o d s .  ~~~~ Table I I
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TABLE I I

EQIJIPMEN’l’ l- 1”FECTIVENESS FOR j  — 1, 2 , 3

AT I NDICATED TIME S AND STAGES
a

c11
k ( O ) 

~~~~
(O)

Staij e k 1 2 3 1 2 3 3. 2 3

Equipumen t and Sj t e  i

Pumps at s i t e  1 1 20 0 1) 0 0 0 0 0 0
P umps at s i t e 2 2 0 0 0 18 0 0 0 0 0
Pumi’ ;; at s i t e  3 3 0 0 0 0 0 0 15 0 0
Boouns at s i t s ’ i 4 0 20 0 0 0 0 0 0 0

• Booms ,m t i t  e’ 2 -s 0 0 0 0 20 0 0 0 0
Booms at n - i t t ’ 3 ~-s 0 0 0 0 0 0 0 25 0

Sk inmier s at - S i t ’ . -’ 1 7 0 0 3~ 0 0 0 0 0 0 I 
-

~

Sk immers at site’ 7 8 0 0 0 0 0 30 0 0 0
Skimmers at s i te  3 ~i ~ 0 0 0 0 0 0 0 30

r k
U) k (~~) 

- - 

r k ( l) 1. k ( 2) c k ( l) 1~~~k ( 2 )

St Oc l e k 1 2 3 1 2 3 1 2 3

Equipment and Site ’ i

Pumps at n - it o 1 1 20 0 0 l~3 0 0 0 0 0
romps ,at s ite’ 2 . 2( 1 0 0 18 0 0 15 0 0
Pumps ,m t n - it o 3 3 0 0 0 18 0 0 15 0 0
Booms ,m t S i t  e’ 1 4 0 20 0 0 20 0 0 0 0
Booms ~it site’ 2 5 0 20 0 0 20 0 0 2~ 0
poe-sm;; at  s i t e  .3 ‘ (1 0 0 0 20 0 0 25 0

Skimmers at S i t e ’ 1 / (1 0 3’~ 0 0 30 0 0 0
Skinuners at. n- itt ’  2 0 0 0 1I’a 0 0 30 0 0 30
Skimmers .it. s i te  3 ) 0 0 0 0 0 30 0 0 30

aN~~nerica1 values correspond to ~~~k ( 1 )  , the effect iveness  of equipment

type i for s1-s i Ii type’ j  at responsu’ sIaqo k . Figures i n  units of dema nd
sat is f i e’el (i . e. , t luc t i s, i i~ I;; of di a l  ions of oil m-iff l oa d ed , contained or removed)
per unit resource - Se -se -’ Figure ~ ft’iv assumpt tons.

— I a ~~~~ - ~--- - — - -~~~~~~~~ -~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~
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TABLE III

SPILLAGE RATES AND QUALITY LEVELS

Quality Levels

Stage 1 Stage 2 Stage 3
Incident -SpillageTypes and rate s~ q. 1 (l) q, ’(2 ) q . 2 (l) q . 2 (2) q . 3(l) q.3 (2)

1 .20 300 200 50 0 100 50

2 .24 200 100 50 0 100 50

3 .25 200 100 50 0 100 50 
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Re ’ s ’a 11 that t ht’n-i’ e’ui;ts a i d ’ t i m e  d ep e n d e iu t  . For examp le , im ot  e t hat

)(O) =0 in c o l u m n  one row one, tinder c~~ (0) at t he  top o f the table

hu t  t ha t  
:~~

1
~~~18 In th i s  same r i - sim i an and row under  c~ 2(l) in the lower

p o r t i o n  c f  the t a b l e .  This is intended to ind ica te  that  pumps sent f rom

equ ipmen t  s i t e  1 to the specified type of spill in region j =2  are not

available’ for dep loyment until at least 1 period after allocation. See

as sumpt ions  under  F igure  3 and recal l  t ha t  c~ 1
(t )  is the effectiveness t

— p e r io d s  a f t er  a l l o c a t i o n .

Table ’ I I I  gives other parts of the requisite’ input to this

hypo thetical examp le in the ’ fo rm of s p il la g e  rates s~ and qual it y

levels , q
1
(t). The solutLon to the problem is heavil y dependen t

upon t I me  s im u l t am i c o u n -  clue ire i - s f  r isk and q u a l i t y  l e v e l s — —  jus t

as the  c f m o i c e  of goals is a key f ac to r  in more classical goal

progr anusu i mu g app i is -at iet m~ - Fu r thermore , the q u a l i ty  levels mut t be chosen

by Coast Guard managers w i t h  knowledge of the spi l l  process

and ;u p p r c m p r f a t  o pr ohabi  l i t  v clin-t r i b u i t  l ou t s .  For e ’xau itp l e , in th i s  case

T~ b 1e T I E  I m md i cats ’n -that time dec-l- ion maker lion -provisionally specified

q~ ( l ) =  300 and (2 ) = 2 0 0  which  nme;mns t h a t  in per iod I he would

like to have no more than a demand of 300 (thousand ) gallons to

be offloaded , with a decrease to 200 (thousand) during the

second time period . His primary control over these numbers

is exerted by offloading in prior time periods , i.e. a quality

level of q~ (l)~’~300 can be achieved for a potential spill if ,

during time period 0 , a suff icient  amount of oil either has

already leaked from the vessel or is off loaded . (See constraint

(5.6.1) .) Of course , too much leakage is not beneficial in that

quali ty levels at subsequent stages must also be met. Observe , as I n

this example’, t h a t  d e s l g t m . ’mtecl qua]  it y  l e v e l s , q~ ( t )  , should deer e- an- c  w i th  
-

- , L , L  i — ~~~~~—a ,—~~~~~~~~_~---_~~~~~~~

~~~~~~~ ______
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t ime so as to promote grea t e’r control over the spill w i t h  each succeedin g interval .

We can now use SIM to illustrate a variety of questions tha t

can be addressed by meamms of the above data together with the portra yal in

Figure 4 below . The latter are supposed to represent graphs that

correspond to probabi l i ty  dis t r ibut ions  for sp ill sizes in the indicated

r egions. To simplify matters we have provided only t~~ different  probability

distributions by as su m in g  that the same-probability distribution (in the

lower portion of Figure 4) is applicable to Regions 2 and 3.

As a s t a r t  we might  consider how SIM might  be used to aid in

devel op ing a Presidential direc tive . For this situation we omit the Equip-

ment and D c l i” e rv  Capabi l i t y  c o n s t r a in t s  in SIM and s tudy time possible equ ip—

fluent consequences for different a and q combinations that might be con-

side red .

Wt’ might beg in  w i t h  p r ior  equi pment capab i l i t i e s  as one source of

compar ison . Another  source of possible comparison which  provides added

pe’rsI-se’c’t ive , imoweve r • can he secured by proceeding from wlma t we n - i to  ‘11

ie ’fe’r t o  as the  “median ” and “mean problems ” as follows .

— We ob t a in  the “median problem” by set t ing each ci ~~(t )  = .5

and therefore F
1

1
(.5) 1 for each of j 1 , 2, 3, as in Figure 4.  For this

situation almost no equipment is necessary, and this will be true even if

quality levels . q ,  are all set equa l to 0 because the median spill is so

sm a l l .  See Tabl e  .1.

Throughout t i m i n -  anal ysis we are assuming that the presidenti a l

kd i r e c t i v e  wil l  pres cribe the same va l ue and the same values q
1 

for a l l  j

and will  not he concerned with other pa rt s of the distribution . Thus , turning

t o  t he “mean problem ” we shal l  specify  that version of SIM where each c’z~~( t)  is

chosen such tha t  F
1

1 (ci~ ( t ) )  is eq ual t o the mea n of the d i s t r i bu t ion  for  It s

- s d
1

(0) . T i m F igure  4 , the  means of the sp i l i  d i s t r i b u t i o n  are shown t i- s he 150 for

~— l and 125 for j— 2 or 3. As is approx imate ly  the case for spi l l

s tatisti c ’s that h~~vc’ been recorded , these means are shown to occur

- ,~~kL ,-_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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at — .90. See 18 1. 1 f We now so l ve  t im e uiu m ’~-s must ro i ned “mean pr c l- s lea , ”

a considerable increasi ’ In resources is now requir ed ~~~~

— 
l o t - s t e t \”~ aim ~l a total of 0 pumps , 9.6 booms and 5,6 skIn~mers

would be required to meet the specifi ed gnais. Here no

pumps are needed since, for  ex amp le , the total volume in region 1

to be controlled is only 150 ( i . e .  F~~~(c *~ ( t ) )  — 150) and yet the

acceptable qualit y levels for pumping , q~~(l)  — 300 and 4(2) — 200 ,

ar e both greater than this potential volume .

F i n a l  lv we tu ru t  to  t i m e  m a I o m  n -p i l l  p r o b l em  wh I c ’h we ~‘ou

s t u d y  at lea s t  p r ey  is i eno l  lv  by set t Ing  a l l  et~~— . Th is t iieu i nm c -s ves

t iu t ’ t o  to 1 number  of pumps , booms and  s k i  mn iem - s t o 1 ~ .0 , 10 . - . and

~1 7. 6 , respect  i vi’ lv  when the on- ok’ t o t ed ~s V.1 1 muon - are o p t i m a l ly  s i t e d

to t ime p o s i t  ions n oted  In  lob I t ’ IV .

In compar ing  the  th ree  n - i- s l  Ut  I c-sos , It is I n te r e s t  tog t o  note

the  q u i t  e n - i  .~e tb t o  e c - sma se q cme n cen -  In  ci- smnpar I son to he medi an  and nucon

r i s ks  wh 1 d m  occur  when ( — , 9L) lii t his cxouiup I e , t im e  ( t  ‘1 — . 9Q

percent  I l e n -  o t th e  d i n - t n  but  I outs e~’ c-u n o sp il l n - i ’ en - t h a t  a m t ’

f i v e  and s ix  lu u m n d r e t i  t iut me s t hue med I a i ms and f e m u r  ( I  nm e t he meau u s .

~~ ~~~~~~~~~~~~~ 
~~~~~~~~~~~ ___~~~~~.aI 

~~~~~~~~

- ~~~~~~~ _ I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~-.-~~~~ ------ - -
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RecaLl , however , f r o m  Table 1 , t h a t  the ’ distributions of oil spill statisti cs

are much more skewed than this. 
17 

Whereas the median sp i l l  i s appr oxim at e ly

12 ga l lons  and the mean near 1, 700 ga l lo n s , 7.5  mi l l ion  gal lon sp i l l s  luav e

a c t u a l ly  occur red . This suggests that  a large—sp i l l  s t ra tegy  might  involve

prep aring for  s p i l ls  over 625 ,000 t imes the median spill or over 4,400 tJmes

the  average ~pI11 ! The imp l i ca t ion is that  an enormous amount of “excess - -

capac ity ” is required in preparing for the major spills.

Eviden t ly the various types of equi pmen t can be accorded

significance for plannin g purposes only when p oslt; oned In a particular

loca t ion . This is to say that the same equipment in a different location

may have diff erent risk—quality consequences and this suggests another

quest ion th at mi gh t he asked by Coast Guard managers. Thus , keeping the

above size consequences in mind we might want to s tud y the po t en t i a l

benefi ts that might be accrued by positionin g resources in varying amounts

in differen t regions . Suppose , for ins tance , that resources were prcsent 1~’

at the level given in the “mean problem ” discussed above , i .e . , that th e

Coast Guard ma in ta ined  no pumps but owned 10 booms and 6 skimmers. If time

Coast Guard were willing to purchase new equipment to have a t o t a l  of 19

pumps , 20 booms , and 18 skimmers , what conf igura t ion  of this equipment

would he most e f f e c t i v e ?

More generally we might phrase th i s  as a quest ion for  stud y by

— pa rametr ic  va r i a t i on  to compare r i sk—qua l i t y  consequences agains t other

proper t ies  that  need to he considered by Coast Guard management . Thus

using the data In the last column of Table  IV we now u se SIN to studs’ the

a l loca t ions  associated w i t h  ~ x 1 
<h for these particular b 1. h~~, h 1icJ e

e
values by means of the arrays shown in Table V . The solut ion which

optimally allocates these x
1 

values for the o~ (t) = .99 is recapi t u l a t e d

17 the s t a t i s t i c s  remain  skewed in t h i s  f a sh ion  even wh en broken down by
source , e .g . , by vessels , marine  f a c i l i t ie s , e t c .  See I 2 3 ~~.

~ 
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I d ’  I - I V  t ~ ‘ pr o ’. -  i d ~ c i , ’  .1 i s p l v ‘-h e w n . is  Al te r na t i v e  1 in Table V. i’Iic

~‘t h e r  two ,tl t ~r n m L  i v~ - . I i I V  h i ’ .  p m  o~’e m t  t i n -  (n o t  umcc e n - s .mr  ( l v  capabl e  of ‘‘xp l  i —

c it ~. t  a i i m - n t  ) w h i c h  i v  ~‘i ~m - u ’.d t Ii ~-~, t o  ( o.m ’~t Gua r d ni.mn~igcrnent and t o  o th e r s .

N~- v ’ ’r t  m i t - n - - ’ .  -~o ’ic ’ t h i m m - - P 4 ’  h - ‘b t , ~ i nc- ~I 1 m m t h e  way of in s i ght h~’ d t sp L i ~ ing

m r r i s k — ( 1 1 1 , u I  t t V  
~‘‘~~ ‘‘‘l’ ’’ ‘~~ an -  i i i  l a h m l e  V.  A p p a r en t  l v  t i m e r i s k s  a r ’  qu i t e  -

i i  ~ t i - i t  l V c  to t ii c -n - e ‘ . - t I i , i t  i - - n - - n - i c m e e . i i J t I t ~ 4 ’n - o c cur  o m u i v  i n  t h e  t h i r d  ;-oH ’ Ion

C i t  or t hi ’ dci’ -mi t I ‘ei u t . ‘. ‘ t i m e r  t i m  I :  w i l l  cont  inue  to ho ti m e can-c for v-m r to—

I o t i s  I ’ , I d  ‘‘5 t mn - c ’ ~, t ,  I i t ’d  I - r e ~‘ , m uu , o ,‘ on r i-i t’ , also h,’ d~’ t c m i  ned From t i m e

S I N too,i,’ I - l i t ,ttiv ~ ‘ — ,  - - I I I ’ , ’ - (  mmd , ‘t  I t ’  t ,t It c m n . u  t I Vt ”; i f l i  V Iii ’ ( I t  n -p Li vt ’d t o t

h . i I : m r u c  1 u i t ~ ~~t t i - i  ~- ‘ n ~; id I i t  - “~ - i~~ m l i i  ;t  I I n -  t i s L — q u u l  it ’ .  ( - ( ‘n n -l ’q i len ( - I ’- . iu l ’t o t m l v  -
or t I n -  i t  ‘.~ I i - , 1 , 4 . ‘ , I~~. / nud ii I 7 t - s  l i m i t  f o r  tIther li ’vc l n- ~t~ - w e l l  -

H



I
_________ - -

- 48 -

TABLE V

SOME ALTERNATIVE SOLUTIONS UNDER VARYIN G RISK

LEVELS WHERE b1 = 19.0 , b2 = 19.7 AND b 3 = 17.6

Alternatives
I II III

.99 .987 .985
Risk
Levels cz ,~~( t)  .99 .992 .993
(Same for
all time 0

3 
(t) .99 .992 .993

periods)
o
1
2 (t) .99 .988 .986

.99 .992 .993

ce
3

2 (t )  .99 .992 .993

From 19 Pumps 
-

Pumps to site 1. 5 .3  3.8 2~~~ 9

Pumps to site 2 6.5 7.2 7.6
Pumps to site 3 7.2 8.0 8.5

From 19.7 Booms

Booms to site 1 7.3 7.0 6.8
Booms to site 2 6.7 6.8 6.9
Booms to site 3 5.7 5.9 6.0

From’s 17.6 Skimmers

Skinmiers to site 1 5.5 5.2 5.1
Skimmers to site 2 5.8 6.0 6.0
Skimmers to site 3 6.3 6.4 6.5

~~~~~~~ ~~~
__ _

~1~~Ji~~

_ _ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



One further aspec t of the SIM model is of particular 
-

‘

significance in anal y zing the Coast Guard “response problem ”.

Interestingly , in practice to date , the t h il ity of the Coast

Gua rd to rea ch the scene of major pollut ion inciden ts has been

severely constrained by a lack of sufficient delivery and auxiliar y

deployment capability. In order to meet all goals (such as

dir ected by the President and interpreted by the Coast Guard) ,

it might well be necessary to purchase not only more cleanup

equipment , but a lso more delivery equipment or , what is almost time same,

to ensure that  delivery capability is dedicated to pollution

response and not available for other Coast Guard purposes.

The Coast Guard , for instance , has already decided to purchase

sever ;m l h i g h — s p e e d  d e l tv ~’rv sea sleds to transport. equipment from

onshore debarkation points to spill sites . Other capabilities

such as air delivery of certain equipment types may be

necessary , however , to achieve desired goals .

Recall tha t  the SIM model deals with delivery capabilities

in terms of changes in equipmen t effectiveness across time periods

as well as changes in total  delivery capaci ty.  Effectiveness

ra tes per unit resource are increased in par t icular  time periods

whenever equipment can be delivered earlier in the period . For

example , an e f fec t iveness  of c~~1
(2) 10 migh t rep resen t the

fact that equipment of type i arrives at j  halfway through the

second period following allocation . If it could now be made

available immediately following the f i r s t  period a f t e r  allocation due to

faster  delivery e.g. air transport , c~~~(2)  migh t be in-creased to



- - ~~ --~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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as much as , say , 20. Thus we see that by parametrica lly varying

the coefficients in an appropriate fashion , SIM could be

employed to evaluate the increase in goal attainment due to improved

delive ry capabilities as well as increasing equi pment allocations.

This leads us to one further point concerning the illustrations

presented earlier in this section . The exclusive allocation of

equipment from equipment sites to spills in the same region as

occurred in Table IV in- by no means a general result. It would he

possible , even whi le  employing the zero order decision rule, to

alloca te resources ftom equipmen t sites to distant spill sites.

For example , if air delivery is only possible from a single

equipment site , it mmm v only be possible to meet various goals in

certain (or all) regions by locating equipmen t at that site ——

even though the eq u ipmen t is to be used ~r imarily in other regions .

-1

- -~ ~~~~~~~~~~
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7 .  P t t : i  t ’o i l c ’ , ’t i~~~,_ ,, ,_,!!~P I / ’/ti~ Im _ I~ t t I i m t 1  i i i  t h e  M od e l

Of ‘o t i  m e  , ;i o, r~ ’.-i t v~m r Ic t v of ~dd Im I on;t I poss Ih i  l i t  i en- ore ~mv:i  i i —

:th l e  I rom m-~m~ ’h cmscs ol ~ IM . ‘rhe re ire i ’the r f :i i - t  ors , however , which  I -

a I so r e q u i r e  eons I d ’r ;i [I o n . Re I ore ~m ic ’h mode 1$ (‘OI l he f u l l y  implemented

app m op r l i i i  e d a t  a w i l l  have  t o lie co i l  ect cd  not o n l y  as dec i s ion  aids fo r  HEP

n hamma g i ’r s h ;u :m i  no cm he I p pm ’ov I di’ . l i in’. .’ o m m i  t o  Pr i ’s  td t ’n t  I:i I d i r t ’~’ t lyon- , of —

Moreover , t h ’’ i-n ’ d a t  a m -~~1l  co t  I o t i s  w i l l  need t~~ he m o d i f i e d  eon t In t i oun -  l v

lie fo l  l owing  unde rgo  change : ( 1 )  oi l  t ranspor t  routes and volumes ,

~ ‘I r ’n p o m m s o  t eclinol tm~’,v . and ( Vi p r ev e n t i o n  measures , such as Improved

c - e i m s t  rue  I. I on st andards

S TM . t i t i ’  Sp 11 1 Inc  I , l p tmc - ’  Mmmcl , ’  1 d ’’ii , ’ t — I  i-med I n  n- . ’1’ ton  c • emm he : I I ’ (’ m m f l i —

i i i i . , l; t t  cm l t o  ‘ ;ie h of  I ii, ’in’ k t ndn - of ~~~~~ I (mi\i im ’flt s w i t h  rho fel lowing mit m lma l

in  f orimmo t (on m c ~ j m t  I m o m ent  I or i m m j  1 - - n o - i  l e  tms ~ ’

1 ) 1),’t e rm lim i ng tIn’ appropr I at e 1 m ’vo is of nggrcgat ton at

= wh h-h 1m m itt-i lv .~~,‘ I he p rob tern . For oxrmnm n 1~’, i t ran pr obob 1 v

lie t ; m i ~m ’im .1:; >‘_ I ‘.‘m ’i i  I hat t oast (tt:mm’d r enp . ’ i m n ~’ ‘-‘q i l  I pnient

w i l l  i~ ’ lo ci t ed m i t  l i t ’ ,  ; t t  Sm r i k e  F o n t ’ lom ’:it t o n s  or

,l~~~t’ ~ rrr (Captain ol t in’ Port ) h~ sos. ‘lime grouping of

F p~m sn lb  Ic sp i l l s  , however , m - ; t t i  be ma de ci th er  : t t  d 1st r i o t

COl T ’ , or (‘tiler ~eim~’r:mj ’im I~’,-m 1 - m r , ’a n - .

~m )  ‘I’he d i n - t m -  I l i ii t Ion of pm-m t , ‘i i t  Ii 1 sp I l l  vol iminos , d . due t o

~i e’ I h’ttt , col I In - I c ’nn , d c ’ — . i-mv ‘‘1 ocat Ion ’’, 1 .o • , broken

dow n lm~- p,,’it , ’r ,t 1 regIon i n -  ii mn - m ’mn~n-od In (I) ,‘ilmi ’v, ’. A

I ower I m o t i m i d  f o r  pm ’t on t i i i  np ii 1 Vi’ I unics oo~m l ii i’e choseim

I n  vat I o t i s  w i ’ . -  t u e  I uti I mm g mc ’ t l i t  I i i l - m  1 1 1  vo l umes -mn - report ~‘d In P1 RS , t he

( ‘, - m . m ’ m t  t:mm . ti •I ’ n- i’ iml him I m i t  1 o r - I dent Rep eit lu g  Svnt cm. l iii’ ~m t i t  e m i t  lii 
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sp i l l s , however , include the volume of oil that has been

preve nted from b e i n g  spi lled , e .g . , by o f f l o a d i n g  from a

vessel.

(3) Time rates of spillage , for various pollution incident

types. This information is provided In PIRS and could be

verified through individual incident reports. Average values

could be determined though a range of possible rates must be

examined in the model context.

(4) Effectiveness rares (c~~(t)} of the various available types

of equipment. PIRS data were found to be inadequate for

determining these values. tTnless PIRS is revised

these data must be ob tained in other ways such as by

Interview with misers and manufacturers of response

equipment.

(5)  The a v a i l a b i l i ty  of delivery capability such as aircraft and

sleds. Some of this could he considered as exogenous inpu t

(uncontrollable) since , for example , Coast Guard aircraft

are usuall y available on a multl—mmm{ssjon basis and not

employed solely as MEP equipment. Also , the time required

to transport the  response equipment via these delivery svs—

tems mu s t he calculat ed for all possible origin—destination

(equi pment sIte—sp ill site) pairs. This Information is

also needed to calculate the effectiveness rates as a func—

t i on of time .

New we may ch icory , ’ t h a t  o i m lv  a m I n i m u m  of In p u t  f rom MEP dec is ion

make r s is r e q u i r e d  f or r e a so n a b ly  i n te l  1 t gent.  uses of SIM . Man agers  must

assist in the prov is i mm of WI’ I g u t Ing factors t o reflect the rd at  I v ’

L - - ~~ ~~~~~~~~~ - —~-~~-- - — 

- 
-
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importance of deviations from goals for spills of different types and

locations , of course , hut a great deal of the burden can he assumed

by i mm ~m 1  vst s In the way if pr ovIdin,~ (‘ireful lv selected alternatives

with their equipment and other consequences. Similarly, although

quality levels , q~ (t ), and risk levels , ct~ ( t ) ,  must be determined in

pr inc ip le  h~’ MEP managers , a knowledgeable analyst can help to focus

attention on significant issues and the kinds of consequences that

need managerial attention in these cases , too.

S. C n ciudln
~& Remarks

As data needs become known and as appropriate data become avail-

able , SIM and further related models slmould be developed for Implemen—

tation in a framework for parametric variation of the weighting factors

and quality and risk levels. Establishing appropriate risk levels , m u s t

of course , I-me done by (‘(ins i deratlon of the charactc r I -it Irs of :lppro—

priate probability distributions , particul arly since the more common

distributions do not accurately model the process of oil pollution 1201

Furthermore , we note that other developments and model refinement s

should seek to Incorporate further factors that are of Importance in

c o m b i t t im i g  m a r i n e  p o l l u t ion . T h i n -  Inc ludes  f a c t o r s  such as p o s sIb l e

a l t e r n a t i v e  dep l oyments , e . g . ,  with Strike Force and other reserves

fm-m r bock up of div—I o—dav response operat- ( o t t — .  M a t  hem at  ic a l lv , t i m is

will require the mi sc of more sophisticated decision rules than that

employed in this study . It will also lead into issues of organ i zation

and coordination which tie together routine Coast Guard activitie s

with time ahil it’.’ 1 m m  de a l  with catastrophic pollution Incidents , b o t h  

- -~ - - - - - — 
____



- -~~ -- - - 

7
-54  -

In terms of preven tion and response , in ways t ha t will evolve na tura l ly

from central office planning before the relevant incidents occur and

extend to the response decisions that shou ld occur after the incident

has occurred. Still furtlmer progress will include prevention as well as

response models , of course , but In any case SIM has provided a start

which should facilitate progress in these dimensions as well . This,

however , is only an “in principle ” start , we should specificall y note ,

since , unlike the predecessor GIP model [9], SIM has yet to be used in

actual Coast Guard decision making. 

- - - - ---- -.- ~~~~~~-- - - - -~~~~~~~~~~ -- - -
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APPENDIX

The following geometric portrayals may help to illuminate the more com-

plex developments needed to deal with the multifarious aspects of the problem dis— 
—

cussed in the text. Figure A.l , for example , deals only with the single chance

constraint

P Ed~ (t+l) < q~ (t+l} > ci~ (t-fl )

and the associated deterministic equivalent — — viz.,

~. ~ . 
q~ (t+l)

> (i—s .) FT (a.(t+l)) — 
(i—s .)

represented by (5.5.4) in the text.

The values such as r1 
are supposed to minimally satisfy the latter con—

straint. Evidently an increase in or a decrease in for the above expression

implies a fur ther increase in this minimal value to , say, r~ in order to service
~1

them . This means that values smaller than r~ are associa ted with points to the
Jo

nor th and eas t of the curve for  r~

These curves are derived in a loose qualitative manner from distribu—

Lions like those of Figure 4 with allowance for the fact that = I

and 1 are bo th atta lnab le ,since tanker spiil sizes are bounded on bo th ends.

Points like the latter which are of interest in the applications will not , however ,

be treated in detail here. Instead we shall focus on intermediate ranges of va l—

u es such as the  poi n t ( 1~~, ci~) shown in Figure A .l .

Only poin ts within the shaded region will satisf y the double inequality

of the abov e chance constraint when “policy values ” ~~~ q~ ) are specified . The

curve for r~ has no points in common with this region . Hence this resource level 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —-- —--~~-— ~— - ----—-- ~ 
- - -- -,-

~ --‘- ---- 

56

is not  adequat p t ~ i~~i t  i s iv t h i s  constraitmt .

‘rht’ curve for  r does have pot mit  s in common wi  t im t h i s  r eg ion .

Hence It may he employed so that in co f l h m i o c t  ion w i t h  spec i f ied  optimal It ~

(or other choice) criteria selections may be effected from among the

ava i l ab l e x
1 u 

values as dete rmined  In (5 .3)  in association with othe r r~ (t)

va lues  fo r  the  othe r pertinent c o n s t r a i n t s .  
- 

-

The values for r ’ may appear excessive as they are portrayed
I .1 1

— in Figure A .l , e.g., f rom a f i n a n c i a l  budge t ing st andpoin t , since wi th in

- 

- the r ange of intersect ton between time shaded region and the r~ curve

the resulting program values will s t r ic t ly  n-at  isfv both of time double

Inequalities in the above chance constraint. Note , however , t h a t  t h i s

degree o f sa t is faction for this one constraint may he a consequence that

f l ows f r om the choic es needed to s a t i s f y other constraints.

Among the points of intersection between the shaded region and

the r~ curve there are a range of possible choices and it is ~n i i i i l O ’ t  ly e
- ‘ 1

o t t l i m ’ model t o he I p n-cl em ’ t the  best of these  ;idm t n-slhl e chol cen- - Furth er—

more time model may he turned around , so t o speak , and v i a  parameterizat ion

and other te ch niq mi m’ s the p ossih i li l y  of program choices along the r~ curve

may also be explored . And this does not exhaust  the poss ibilities that

this model offers for such program—pol icy studies since , evident l v , we

need not confine ourselves only to variations in the (8~ ,q
1
) values--—as

the discuss ion and the examples in the text serve to ii Ins trot e.

We do not propose to c a r r y time discussion of these possibilitie s

for the chance constrained programming  model any further since , as in the

text , we propose to r ep l ace  it with a new goal programmin g formul ation .

Replacement of the above chance const raint by the corresponding goal 

— — ~~~~~~~~~~~~~~~~~
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programming  f o r m u l a t i o n  r e s u l t s  in a s i t u at i o n  which can be portrayed in a

diagram such as Figure A .2. Observe , for example , that time 2—dimensional -
-

representation s of Figure A .1 are replaced by points on the axis for r~ .

Fur thermore , the sol u t i o n  va lue  r~ In- also now admissible——as is true

for am -m v othe r r~ choice—— wi tlm the issue now turning on whether the

resulting devia tion

1— 1 1 —l ~ 
q4 (t+l )

v = F . (ct ‘1 — r (1—s ‘t F (ci (t+ 1)) — — j 
— r ( t )i 1 1 .1~ .1 ~l 1 1 S

,
~

is “n-otis fact orv.”

To determine this , one will , of course , generally need to con-

sider this deviat ion in the li ght of other deviations as well . 1mm order

to highl ig ht thin- aspect of the problem of choosing goals and the asso-

cia ted decision variable pos sibil ities—— soc (S .3)——we have matched this

underattainmen t of an offloading goal in Figur e A .2 with an overattai n—

merm t of the associated conta inment  goal , v i z . ,

v~~ r~ - F~~(~~) r~ (t) - z1
(t+l ) F~

1 (a~ (t+1)) + q~ (r +l)

where

7
1
(t+l) s

1
(1—s

1
) -I- s1.
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To some extent , as noted in the text , the Issue of choosing between

deviation values l ike these may he resolved by suitably chosen weights. E.g.,

the fact that contaimmmen t Is incidental to offloading and

rem ov~il suggest that it should be given the lowest ”relativt” weight.18 In situa-

tions such as the ones that the Coast Guard confronts in its management plan—

ning problems , however , an in—context approach to these weight possibilities

relative to other approaches should he used , we think , rather than the kind

of out—of—co ntext approaches such as might be used to ascertain the preferences

of an individ ual decision maker bent on satisfying himself .19 For instance ,

a choice between we ights in the functional and goal variatio ns in the con— -:

straints might he considered for  separate  or j o i n t  use as analytical con-

venience and psychological appeal to various decision makers may suggest .

This may include specifying certain balances which need to be maintained .

at least approxim ately , and may also include the insertion of maximum

allowable deviations from particular goals. These and other such exten—

tions are e,isilv effected for the models in the t ex t .

18 We will not consider the  f u r t h e r  Issues invo lved  in a use of “abso lu te”
and “pre—empt ive ” p r i o r i t i e s  such as are discussed In I j ir i  117 1 .

19 See Karwan [181 for  f m mr t i mer  detailed discussions and developments.
20 It has been tIme au th o r s ’ experience that decision ma k ers are l ike l y
to think more easily and he more directly responsive to questions ~houtbalance condi t ion s between goals and/or max imum pe rmi t t ed  d e v i a t i o n s
for pa rtic u lar goals ti-man when such decis ion makers are restricted to
choosing between different sets of weights. See time discussion of “goal
focusing” approaches , etc., in A. Charnes, W. W. Cooper, A. Schini-m~r andN. Terleckyj 110).

- ~~~~~~~~~~~~~~
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As experienc e (ICV(’lOpS , one mi ght turn to other functional- of ,i

goal programming variety. 21 This could cer tainly include the piecewise linear

exten sions that proved successful for segmenting the different degrees of goal

disc repancy in the GIP app l i ca tionsl9  1. It would also include the nminimax

and maxim in considerations that are involved in a chebychev metric since

algori thms now exis t f or use in multi—dimensional goal programming

con texts. See [8 1.

Of cours e , when the equipment and delivery capability limita—

t ion s are removed from SIM —— so that the goals are all attainable ——

then d i f f e r e n t choices of posi tive wei gh ts or even different choices of

functional: in the objective will not affect the optimum set of solutions .

A focus on a “weights only ” approach would thus seem to rank fairly low

among the candidates from an almost eumbarrasing number of alternatives.22

Nevertheless the choice of weights is a topic of interest. Therefore to

conclude this Appendix we now sketch some of what is involved in such

weight variations with special reference to the metric.23

The two sets of arrows portrayed orthogonal ly in head—to—tall

fashion in Figure A .3 both terminate on the line lahelled .,1 . Here we are

tin -jug ti-me so—called metric for which only ti-m e one segment in the positive

quadran t is shown since this is the only segment of the usual “baseball—

diamond” po r t raya l  of this  met r ic  which wi l l  be of In t e r e s t  to us.  24

All  poi nts  on th is  line a r e e q m m - I d i s t a n t  from the origin.  That is , the two

solid arrows and the two broken line extensions both terminate on th is

l ine, which means that  for each pair the sums of their absolute values

21 See , e.g. , the discussion of “proper ” goal functionals  in [ R I .
22 Another trouble with the “we i gh ts only ” choice is that many d i f f e re n t

wei ghts may yield the same (optimal)  program choices wi th , as in goal
programming,  only an a l t e r a t i o n  In the f igure  of meri t  to show for wha t-
ever effor t was esnended . See , e .g . ,  nn .  l l f l — f l 6 i n  ( 11 1.

23 ror furthe r din -ciisston of these m etrics and t’hei r relat ion to goal program-
ming see App endix A and Chapter  X in  14 1.

~~~~~~~~~~~~~~~~ S’ e Appe nd 1x A fn  (4 1. 
_ _ _ _ _  _ _ _ _ _
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is the same . S in ce  we are r e s t r i c t i n g  our considerations to non—negative

values , we can dispense  with the absolute value signs and write

1- 2+ -

y j  4- = 
1

1- 2+
to mean that the  values (Y

j Y~ 
) are at a d is tance  ‘

~~ 

for  a ll coord inates

of this line .

i- “+We may think of the two sets of v a lues  ( y .  , v ) ex p l i c i t l y

por trayed in Figure A .3 as alternate optima . That is , each pair of values

for the indicated arrows is associated with a solution for which the

resulting sum of deviations iii the sane since they both terminate on 
~~

.

Now suppose that we want to explore the possibility of altering

the weights. We theref ore alter the above representations to

1— 2+
— 

+ ‘
~2~

” j 
= - 

2

by leaving the we igh t  fo r  y~~~ unchanged but altering the weight For

to w~ > I. We may t h i n k  of this as producing a weighted measure of

distance in which the direction associated with y
~
4 

is penalized more

heavily than the direction associated with y
~~
.

We next assume that 1. represents a new optimum distance ach—

teved f rom one or more programs under the indicated weights with also
‘2 - —

~ 
~2 

por traying the situation we have in mind as shown by -
~ 2 

in
2 -

Figure A .3. l’he broken line arrows terminate on this ~~ , line , which in ter-

sects at this point , but this is not the case for the solid arrows . The

latter terminate on another new line ~
3 which is parallel to ‘2 

but further

away from the origin and hence not optimal.

Evidentl y the solution with the solid arrows has

los t its optima li ty property relative t~o the broken line alternative

1.
- - - - ----—‘- , ~~~~~~~~~~~~~~~~~~
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25which shortens the arrow for in exchange for a lengthening of the arrow

for y~~~.

Time fact that the program which generates the distance for the

broken l ine arrows is optimal under both the old and the new weights is

of special interest. Thus in this case the new figure of merit , C\ 2 ,  replaces
— 

- 
the old value without any change in the underlying values of the deci-

sion variables. This shows that it will generally be necessary to consider

all al ternate optima (usually a great number are present) for each set of

weights before deciding whether one set is preferred to another. Finally,

we might observe that the availability of alternate optima may itself be a

desideratum , which is to say,  again , that these matters are best approached

in context with a variety of other approaches to the problems of choice

evaluations in management planning.

25 WQ are eliding the separate mathematical concepts of “d i s t ance ” and “length”
In the interests of brevity. See Appendix A in [5). We have also not
expressed our distance functions in a wholly rigorous manner in  tha t we have
omit ted d l v  i d in c  l ir ou gh by the  appropriate norming  constants since (a) this
WOfl1~1 require addit ional , possibly distract ing, explanations from the main
points we wanted to make , and (b) these norming Constants would be eliminated
in any case en route to making these points. See, e.g., pp. 262—263 In 15].

~ 

~~~~~~~~~ --~~~~~~
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FOOTNOTES

The most p r o m i n en t  of the  rosul t En g l aws are the Federal Water

I’ d Iti t ion Cont ro l  Act and i t s  Amendments.

I . See , e.g., News~ cek accounts for the week of January 17 ,

1977.

4. This is a revolving ft ~nd used to d e f r a y  c leanup  costs  where the

polluter cannot or will not effect cleanup, or where t~te pol--

lu te r  cannot be Identific- !. The fund  is revolving in that ,

tinder certain l i a b i l i t y  l i m i t a t i o n s , the pollut er must reimburse

t in’ fund for actual costs incurred by the U . S .  government.

5. Source :  U.S. Coast Guard’s Pollu tion Incident Reporting cvrtee .

‘a. This  is al n-a the  “ f i r e h o u se  prob lem ” where se ~iom used rLsou~-c. ’.~

must be maintained for emergency purposes. We observe t h a t  the .~- ’

resources provided by the public sector are t’ss~-n tially ‘e~<cc~3s

capac ity ” ~rott the standpoint of “normal” operation s.

7. The Coast Cuard m i i n t a i n s  a ne twork  of m u l t i — m i s S I o n  f i e l d

units. The majority of these are desi gnated as Captain ef the

Ports (COTPs), Marine Safety Offices (MSOs) or Port Satetv

Stations.

8. w~ will deal primarily with vessel spills sincc’ they have

historically constitu ted the n.~jority of all “cntiin -tra ph ic ’

s p il l s  and because s p i l l s  of t h i s  t y t me potentially thv lye afl

of t he  possible operat lonal “s t a g *- s ” of pcm i l u t  ion res~ an-~e

that are 1 ikel y to enter Int’) any other large n - pt11 scenario.

- ~~ — - ~~~~~ ~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FOIYFNO’IES (c on t  . ‘I

~~
. (\~e furthe m so ~ e that may merit f ut u r e  cons idera tion  involves

beat -h c 1 t amui p ~t n-p i i i  age t hat imas not been contained and remove~1

atmd w i s i m e s  t i p  aim t he shore Ii im i’ . Ta date . tim Is stage has been of

less iute res t  a the Federal  Covcrnmt ’nt bee ann-i’  I t  appear s  t o  have

be ci i  adt’ sa t  ‘ I v managed l’v pr ( va t  e con to-ac tots and oc a I groups

10. lit ’ assume that the total amount o~ sp t 1 lao~e in any j 
~~ pericm.j

i s  d i r e c t l y  pr op t r t  t o n a l  to and depeuds ~~~~ upon the l’atent~ ~~l

sp i l l  vo lunc  at  t he  beginning of that period.

~n L i i e  sean-c  described on p . 2~m0 of [Ill ~-~~cre in ~~~~~ die ~~t(’a

“itid i U t e r e imc e ” to  servicing ~ te s t i i l s ! a t C d  qt~-~l it’: ~ev~’l

cot ’vc r r he ‘‘pal I c’’ ’ I nt - c a ‘‘ru

L. See , t .g .  t m~ , l m ’ t -  a d i - ~.cn sn- i -o ’ ‘:~ de~ I ~~on rules a’~d ~ln-

c o n d i t i o n s  ~oi ‘ c i  f i ’ ct i n~~ t in’ ~~~~~~~~~~ ~ ;‘\ r~ Jonr io~ t°~c con t

of I .ia e Cofl 1 • ~i -  - ‘ - I p r om;~ om g. ~am x-u~~ l t ~ of the  l~ I I of

dcc i s  i O~~ r u l i i t t  r~~~ m t i t ’ &‘rn~’l c \ ~ -~I in a cal t ime Op el  at io ~

coo t t ’ xt  may be fo u n d  I n  [1  7 )

13. Re c.o 11 that d
1 

cont a lim s dec is fan vat I :th les r

4. See mist ’ Can t In I I 1 •~ and Ti I r 1 [ 17 1  for at h~’ r pass (hi e approaches.

~ 
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FOOTNOTES (cost .)

(5 .  Such choices arc not necessar l i v  dec i s ive  in producing an y t h i n g  more

than a figure—o f—me ~jt altera tion and , in fac t , one may erect examples

In which  a l l  possible  sets of positive weights have only this effec t.

See [11) and [10). A detaile d discussio n which includes a review of

many of time standard approaches from economics , psychology , e t c . ,  for

their possible uses and shor tcoming s  for this class of problems may be
found in [181.

16. Cf . ,  e. g . ,  W. Baunool ( 11.

17. The statistics renma i ti skewed In t h i s  fa sh ion  even when broken d own

by source , e.g., 1w vessels , marine facili ties , etc. See F~~1. 
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FOOTNOTES (coo t . )

18. We wil I not ea t i s  t i l e r  t he  I m i t t  her in-sties in vol ved i n a use of

“absolute” and “pre—empi lye ” priorities such as are discussed in

Ijirl 1171.

19. See Karwan ~183 for further detailed d i scussions  and developments.

20. It has been the authors ’ experience tha t  decision makers arc like ly

to think more easily and he more directly responsive to questions

about balance conditions between goals and/or maximum permitted

dcv tat tons for part i&’ular goals than when such decision makers are

rest r ict ad to choosing between dii feo-ent n -c t  s ot weights. See the

d i s c u s s i o n  at  “goal focus I 1mg ’ app roaches  in [i 0].

2 1 .  See. e.g., the discussion of “pr -m p t’r ” goal functionals in ~8]

22. Another t rotihie vi tim the  “wei ght s onl y ” choice is that many dl fferent

weigh ts nm av yield tin’ same (optimal) program choices witim , as in

go :m I p r o g r am m i n g ,  o n ly  an a I t erat ion In the figure of merit to sh ow

f o r  whatever at fort was expended . See , e . g .  , pp. 1 10— 1 36 in [
~ 
3].

2 1. i-or  f u r t h e r d i n - e m i s s i o n  of tiic’so metrics and their relation to goa l

programming , n-c.,’ Appendix A and Chapter x in [4].

1~~ Set ’ App endix  A in

25. We art’ eliding t ime separate m .ithmernat ica I concepts of “d is tanc e ’’ •-md

‘‘ length ’ ’  in  the Interest n- of brevit v . See Appendix A in [53. We have

a l s o  not expre ssed aim r distnnce func t t~ n~ In ‘i whol ly  rigorous manner

in timat we have o m i t t e d  dividing through by the appropri ate norming

constants since (a) this would r e q u i r e  add i  t I om m a 1 , pos sib ly  d i s t r a c t i n g

exp 1 ana t (aims I ron tl~’ m ain p0 tnt ii , and (h) t imes e norming cooms t ants  would

he e I im ina t ed  in any case en route to niaki tog these  points. Set ’ , e .g .

pp. 7I~2—26 1 in [sJ.

L ~~~~~~~~~~~~~~
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